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This  combined  analytical  and  experimental  program  is  aimed  at  generating  a manual  that  will 
permit  the  design  of  .4.0  MDN  cylindrical  roller  hearings.  The  roller  bearing  analysis  will  be 
correlated  with  the  results  from  a series  of  bearing  tests  designed  to  determine,  by  statistical 
methods,  the  effect  of  geometrical  variables  on  bearing  performance.  An  existing  quasi-static 
design  optimization  system  was  previously  upgraded  and  the  basic  analyses  for  use  in  developing 
a program  to  predict  the  dynamic  behavior  of  roller  hearing  components  was  completed.  A study 
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FOREWORD 


This  report  describes  the  work  performed  by  the  Pratt  & Whitney  Group,  Government 
Products  Division  of  United  Technologies  Corporation,  West  Palm  Beach.  Florida  33402,  under 
P.S.  Navy  Contract  N00140-76-C-0383  which  incorporated  U.S.  Air  Force  Mil'll  No. 
FY14557600623.  This  is  an  interim  report  covering  work  conducted  from  1 April  1077  to  1 October 
1078. 


The  Government  technical  manager  for  this  period  was  Raymond  Valori  of  the  Naval  Air 
Propulsion  Center  (telephone  600-882-1414).  Ronald  Dayton  of  the  Air  Force  Aero  Propulsion 
Laboratory  WPAFB  (telephone  513-225-4939)  provided  the  technical  direction  for  the  Air  Force 
portion  of  the  program 

The  project  was  conducted  at  Pratt  & Whitney  Aircraft  under  the  direction  of  John  Miner, 
Component  Technology  Manager:  Paul  Brown,  Principal  Investigator:  Louis  Dohek,  Program 
Manager:  and  John  I).  Robinson,  succeeding  Dr.  Fred  Hsing  as  Analytical  Program  Manager. 

Appreciation  is  extended  to  the  following  Pratt  & Whitney  Aircraft  personnel  for  their 
assistance  on  this  program.  Michael  Carrano,  Robert  McFaddcn  and  Gene  Tsai  assisted  with  the 
analytical  effort.  Computer  programing  assistance  was  provided  by  Walter  Grube  and  Herb 
Grommeek.  The  experimental  bearing  testing  was  conducted  by  Edward  Tohiasz  who  was 
assisted  bv  Robert  Cohen.  Frederick  K.  Dauser,  Jr.  provided  statistical  analysis  of  the 
experimental  test  data.  Engine  application  advisory  support  was  provided  by  Eugene  Beverly, 

Aknowledgment  is  also  accorded  the  Split  Bali  Bearing  Division  of  MPB  Corporation,  who 
provided  the  experimental  hardware  for  this  program. 


SUMMARY 


This  combined  analytical  and  experimental  program  is  aimed  at  generating  a manual  that 
will  permit  the  design  of  cylindrical  roller  hearings  capable  of  operating  reliably  at  11. 0 MDN. 

The  analytical  effort  during  Phase  1 focused  on  three  main  areas.  The  first  area  was 
concerned  with  upgrading  a roller  bearing  optimization  analysis  and  computer  program.  This  was 
based  on  a quasi-static  approach  and  was  completed  and  reported  on  in  Section  IV  of  the  first 
interim  rc|H>rt  covering  the  period  1 October  1975  to  1 April  1977. 

The  analytical  effort  for  this  reporting  period  has  been  primarily  concerned  with  two  areas; 
the  continuation  of  work  on  the  dynamic  simulation  and  prediction  system,  and  the  development 
of  the  computer  program.  Initial  work  associated  with  these  two  areas  was  described  in  Sections 
V and  VI  of  the  first  interim  report.  During  this  reporting  period,  several  force  models  were 
refined.  The  module  STATIC  was  completed  and  incorporated  into  TRUK)  1 . Model  validation 
test  cases  were  run  for  the  CADYN  module,  In  addition,  improvements  were  made  to  models  in 
KODYN  and  SYSDYN  which  allow  a more  accurate  analysis  of  roller  and  cage  dynamics. 

The  experimental  portion  of  this  program  is  aimed  at  evaluating  the  influence  of  geometric, 
tolerance,  design,  and  operational  parameters  on  the  skidding  and  skewing  wear  characteristics 
of  121mm  roller  hearings  operating  at  speeds  of  1.0  to  9,0  MDN.  During  the  period  of  the  first 
interim  re|K>rt  a study  was  completed  in  which  a total  of  30  separate  bearing  parameters  that 
influence  roller  skew  and  skid  were  identified.  Two  groups  of  bearing  designs,  labeled  N and  Ah', 
were  then  prepared  using  statistical  design  techniques  and  incorporating  parameters  from  the  list 
that  could  be  vnried  in  a sensible  manner.  The  Group-N  bearings  consist  of  eight  separate  designs 
which  permit  the  quantification  of  the  influence  of  seven  individual  bearing  parameters  on  roller 
skid  and  skew.  The  Group- AF  bearings  consist  of  five  bearing  designs  which  enable  four 
additional  parameters  to  be  studied,  Bearing  test  hardware  was  procured  and  testing  initiated. 
During  this  report  period  testing  was  completed  on  both  the  Group-N  and  AF  hearings.  Five  of 
the  nine  Group-N  bearings  performed  in  a stable  manner  over  the  entire  range  of  conditions 
tested  while  the  remaining  hearings  failed  due  to  excessive  roller  wear.  Four  of  t he  five  ( Irmip-AF 
bearings  tested  performed  in  a stable  manner.  The  fifth  bearing  failed  during  testing  as  a result 
of  an  inner  ring  fracture.  Also,  a 3.0  MDN  prototype  bearing  was  designed  during  this  report 
period  and  will  be  evaluated  in  a (50  hour  rig  test.  Fabrication  of  the  prototype  hearing  is  in 
progress. 
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I INTRODUCTION 


1.1  Background 

I'iii-  higher  thrust  to  weight  ratios  I «■< I u i I im  advanced  i rcr.il I turbine  engine  designs 
demand  m<  ren  ed  rot  at  emal  speed  <>l  On-  turbines  mid  compressors.  The  design  nml  development 
hi  such  ttirlioutnchinet  v is  ultrii  complicated  liv  bciiritij:  considerai inns  The  rotor  and  rotor 
support  systems  are  generallv  characterized  by  high  shaft  speeds  to  achieve  maximum  gas 
d\n  s’  ur  siertorinriiico.  minimum  size,  and  iniiiiinuin  weight.  flexible  bearini:  support  structures 
lor  fight  weight  mid  mmitmun  disruption  of  the  flowputh  by  interdiction  ol  struts  anil  vanes:  and 
large  shaft  diameters  bn  )ii|tii  bonding  mid  torsional  stiffness.  These  factors  result  in  heiiriiif! 
specifications1.  which  require  high  hearing  UN  levels  and  high  misalignment  capability.  it  is 
anticipated  that  s|M'od  levels  to  :t,0  MPN  (million  l)N>  will  he  required  for  engines  in  the 
I! iso  l!t!)tt  tune  frame 


( 'oiisideriible  effort  litis  been  expended  by  investigators  on  upgrading  the  performance  of 
high  ! >\  b,i||  tluusi  hearings,  and  this  effort  Inis  produced  nmnv  tens  of  thousands  of  hours  of 
opera! ini’  time  at  .TO  MUX  under  laboratory  conditions  Hall  thrust  hearing  technology  has 
evolved  to  where  ttinterial  eunsidermions  determine  the  life  limits  of  the  design.  However,  the 
lehitoKgx  base  needed  for  the  design  of  optimum  roller  lien  rings  to  meet  high  UN  requirements 
is  not  well  defined,  hi  many  cases,  roller  hearing  performance  lias  been  (he  limiting  factor  in  the 
design  of  high  s|>eed  rotor  systems  because  of  a lack  of  understanding  of  certain  aspects  of  roller 
hearing  behavior  There  is  good  reason  for  this.  The  increased  susceptibility  of  roller  hearings  to 
tail  has  surfaced  in  relatively  recent  times.  F.vor  increasing  engine  rotational  speeds  have  driven 
liearmi;  speeds  up  to  UN  levels  which  serve  to  intensify  the  influence  of  gooinot  rir  variations  and 
other  parameters  mi  roller  dynamics  Kvidenee  accumulated  in  the  field,  mid  data  obtained  in 
development  tests,  indicate  that  lieuring  performance  is  very  sensitive  to  roller  instabilities. 

These  instabilities  occur  frctpientlv  in  high  l)N  hearings  and  cause  roller  skewing.  The 
characterist  ic  failure  mode  w hich  identifies  roller  skew  is  rapid  ereentiic  wear  on  t he  end  surfaces 
• >l  some  or  all  of  the  rolling  elements  of  a hearing.  Figure  I shows  the  eccentric  wear  pattern  on 
one  end  of  a roller,  with  t lie  ot  her  end  having  a similar  pattern  hut  |H()  degrees  out  of  phase.  This 
condition  can  exist  undetected  until  hem  mg  failure  oeeurs.  Figure  shows  a typical  example  of 
lx>nrinn  failure  precipitated  hv  eccentric  end  wear  of  one  roller  element. 


Related  o>  skewing,  and  apparently  influenced  by  many  of  the  same  forces  which  induce  it. 
is  roller  skidding.  When  rollers  skid,  the  resulting  damage  is  particularly  severe  on  the  rolling 
contact  surfa.es  and.  subsequently,  has  an  adverse  effect  on  hearing  durability.  Currently, 
skidding  is  considered  to  lie  of  secondary  importance  compared  to  roller  end  wear.  This 
conclusion  is  based  upon  considerable  field  service  experience.  Data  indicate  that  roller  end  wear 
failures  predominate.  The  mechanisms  that  cause  skidding  are  more  readily  understood,  mid 
inherent  in  this  understanding  is  the  suggestion  for  its  control.  It  is  well  known  that  roller 
skidding  occurs  when  hearing  radial  loads  are  light  and  rotational  speeds  are  high.  A concept 
commonly  used  to  supplement  the  externa!  load  is  a two  point  radial  preload  design.  This  basic 
preload  system,  which  is  achieved  by  machining  the  outer  ring  OU  in  an  out  of  round  oval  sha|>e 
combined  with  a slight  interference  fit  in  the  bearing  housing,  adds  enough  load  to  keep  the 
rollers  "in  gear"  around  most  of  the  hearing's  circumference.  However,  as  speeds  increase,  the 
abiiitv  to  maintain  control  of  the  internal  clearance  needed  to  ensure  operation  free  of  skidding 
damage  becomes  increasingly  dependent  upon  accurate  knowledge  of  the  internal  heat  generated 
In  the  Ixoiring.  This  factor,  coupled  with  the  cooling  system  design,  determines  the  operating 
temperature  level  of  the  heating  and.  more  importantly,  the  temperature  gradient  from  the  inner 
to  the  outer  raceway.  Thus,  an  accurate  knowledge  of  the  heat  generated  is  a necessity  if  adequate 
control  ot  Operating  clearance  is  to  he  achieved  so  that  roller  loading  is  nininiamcd  at  a level  that 
siii'cessf ullv  inhibits  roller  skidding. 


1 


Of  course,  there  ure  other  modes  of  engine  roller  bearing  failure  beside  those  attributable  to 
end  wear  and  skidding.  Some  of  these  modes  are  identifiable  with  the  cage  and  others  may  be  due 
to  roller  edge  loading  causing  premature  fatigue  spalling  However,  it  appears  highly  likely  that 
if  the  basic  roller  end  wear  problem  — us  influenced  by  skewing  action  — can  be  avoided,  a large 
measure  of  the  solution  to  other  root  problems  can  be  effected.  This  becomes  largely  self-evident 
upon  study  of  the  long  list  of  geometric,  dimensional,  tolerance,  quality,  and  operational 
parameters  which  influence  and  control  roller  tracking  forces.  A design  system  which  provides 
identification  and  regulation  of  these  factors  will  provide  a means  for  establishing  the  entire 
bearing  design.  For  these  reasons,  this  system  must  go  beyond  a quasi-static  analysis  and  must 
address  roller  bearing  dynamic  behavior. 

1.2  Program  Approach 

As  indicated,  future  engine  design  requirements  dictate  roller  bearing  DN  levels  to  3M. 
Therefore,  to  achieve  this  I)N  level,  roller  bearing  technology  must  be  upgraded  in  time  for  its 
utilization  in  engines  slated  for  operation  in  the  1960-1990  time  frame.  The  schedule  to  develop 
hearings  to  meet  the  3 MI)N  requirement  calls  for  an  extension  of  the  present  state-of-the-art  of 
hearing  design  and  requires  considerable  analytical  and  experimental  effort  to  investigate  the 
effects  of  increased  DN  levels  on  many  critical  design  parameters.  In  addition  to  the  conventional 
parametric  studies  involving  fatigue  life,  stresses,  temperature,  fits,  ckuanees,  alignment, 
lubrication  and  rotor  dynamic  response,  special  attention  must  be  given  to  roller  skidding  and 
skewing  motions  which  have  been  identified  as  likely  problem  areas  for  high  DN  operation. 
Proper  analysis  of  t hese  effects  requires  development  of  a new  computer  program  which  considers 
the  complete  dynamic  motion  of  each  element  in  the  roller  assembly. 

Effort  under  this  program  is  being  directed  toward  formulating  a viable  generalized  roller 
hearing  analytical  design  system  that  considers  a number  of  geometrical  and  operational 
parameters.  'Phis  development  program  is  based  on  an  integrated  analytiral/cxperimental  effort. 
The  resultant  design  system,  in  the  form  of  a complete  computer  program,  is  intended  to  provide 
the  bearing  design  engineer  with  a useful  tool  for  studying  the  static  as  well  as  dynamic 
characteristics  of  high  DN  roller  hearings  for  future  aircraft  engine  mainshaft  applications.  The 
design  system  will  be  useful  in  conducting  analytical  experiments  under  simulated  operating 
conditions.  A parametric  study  utilizing  a reliable  analytical  design  system  could  establish  basic 
design  criteria,  help  to  separate  the  important  variables  from  the  unimportant  ones,  predict  the 
effect  of  each  controllable  design  factor,  and  could  substantially  reduce  the  number  of  costly  test 
programs  in  the  early  phase  of  new  bearing  development.  It  could  also  be  used  to  assist  in  the 
diagnosis  of  roller  bearing  failures  in  service  engines. 

1.3  Program  Scope 

The  work  being  performed  under  this  contract  includes  both  analytical  and  experimental 
activity.  Under  Task  I,  a computer  program  which  describes  the  roller  bearing  dynamics,  loads, 
stresses,  deflections,  deformations,  thermal  conditions,  heat  generation,  lubrication,  and 
operating  parameters  will  be  developed.  In  Tusk  II,  experimental  rig  tests  will  be  conducted  on 
a group  of  124  nun  bore  roller  bearings  to  define  the  influence  of  geometric  and  operating 
variables  and  to  verify  the  accuracy  of  the  computer  program.  The  computer  program  will  be 
refined  as  necessary  to  reflect  the  test  results.  Also,  results  from  other  planned  experimental 
testing  which  will  address  a separate  group  of  roller  bearing  variables  will  be  used  to  further  refine 
the  model.  In  Task  III,  the  information  developed  under  Tasks  I and  II  will  be  used  to  design  and 
fabricate  a prototype  bearing  and  conduct  a demonstrator  rig  test  having  a goal  of  (40  hours 
operation  over  a range  of  DN  values  from  2.2  to  3.CM.  In  Task  IV,  the  results  of  Tasks  1 through 
III  will  be  incorporated  into  a design  manual  for  high-speed  cylindrical  roller  bearings.  The 
manual  will  include  the  computer  program  developed  in  Task  I and  modified  during  subsequent 


lasks.  These  tasks  also  include  parametric  testing  on  an  additional  group  of  roller  hearings 
containing  different  hearing  variables  than  those  studied  in  Task  11.  The  Vest  results  from  this 
added  testing  will  he  used  to  further  refine  the  analytical  model  developed  under  Task  1.  The 
work  also  includes  installation  of  the  computer  program  at  the  Wright -Patterson  Air  Force  Hose 
mm puter  facility. 


2.  CONCLUSIONS  AND  RECOMMENDATIONS 


2.1  Conclusion* 

Thi*  program  development  process  continues  to  yield  new  insights  into  methods  of  analysis 
and  bearing  dynamic  behavior.  Some  of  the  more  important  are: 

• Kxtcnsive  refinement  of  the  program  and  replacement  of  previously  de- 
veloped subroutines  with  more  effective  versions  has  resulted  in  improve- 
ments in  both  accuracy  and  efficiency.  This  program  improvement  process 
has  been  facilitated  by  the  modular  organization  of  the  program. 

• Preliminary  results  from  the  computer  analysis  indicate  that  a large  number 
of  contacts  between  the  roller  and/or  the  cage  and/or  guide  flanges  is  to  be 
expected.  As  a result  it  is  concluded  that  the  met  hod  employed  for  handling 
the  contact  model  will  have  a significant  impact  on  overall  program  running 
time. 

• Modeling  the  actual  deformation  resulting  from  the  dynamics  of  impact  at 
the  guide  flange  is  not  feasible  due  to  the  excessive  computation  time 
required  which  is  a direct  result  of  the  need  to  use  extremely  small  time  steps. 

The  alternative  approach  calculates  the  post  impact  velocities  without 
resorting  to  time-consuming  computation  methods. 

• ('age  web  flexibility  does  not  significantly  afford  the  roller  to  cage  web  impact 
lond  magnitude  for  poin'  jntacts  near  the  web  root.  Line  contact  between 
the  roller  and  web  does  have  an  ■‘feet  on  cage  web  stress.  'Phis  mode  of 
contact,  however,  is  unlikely  to  air  for  general  three-dimensional  roller 
motion. 

Conclusions  that  can  be  drawn  based  on  experience  accumulated  in  the  experimental 
portion  of  this  program  are: 

• 'lest  time  and  conditions  produced  roller  end  /sufficient  magnitude  to 

allow  statistical  correlation  to  the  test  parar 

• Although  a wide  range  of  roller  wear  wc  r , '<1  for  the  parametric  test 

bearings,  similar  thermal  characterise'  • • red  for  each  bearing. 

• Bxtreme  amounts  of  roller  slipp  -esult  in  unusual  thermal 

behavior  of  the  bearing  nor  di  1 ’’  is  skid  damage  or  distress  in 

this  test  environment  and  dura. .on. 

• Increasing  coupled  roller  corner  radius  runout  has  the  most  significant  effect 
on  increasing  roller  wear  and  resultant  skew  angle  limits. 

• Increasing  roller  end  clearance  and  L/f)  ratio  have  a significant  hut  lesser 
effect  than  corner  radius  runout  on  roller  wear  and  skew  angte  increase.  The 
effect  in  both  instances  is  to  increase  roller  wear. 

2.2  Recommendations 

Based  upon  the  above  conclusions  the  contractor  makes  the  following  recommendations: 

e it  is  recommended  that  additional  methods  for  reducing  - .ml  at  ion  time  be 
sought  and  applied  to  TRIBf)  1. 

f\ 


llpon  com  plot  ion  of  the  propram  ns  presently  defined.  it  is  reeom  mended  that 
sensitivity  studies  he  performed  to  determine  the  effect  of  certain  assump- 
tions and  the  influence  of  program  iterat ion  tolerances  on  running  t ime.  This 
knowledge  would  allow  program  running  time  to  he  minimized 

Hearing  temperature  monitoring  should  not  he  relied  upon  as  a method  to 
detect  roller  wear. 

Holler  corner  radius  runout  should  he  maintained  at  the  lowest  possible  level 
in  high-speed  roller  hearings. 

The  lower  levels  of  both  roller  L/D  ratio  and  end  clearance  that  were 
evaluated  should  he  incorporated  in  future  high-speed  cylindrical  roller 
hearing  designs. 


3.  DEVELOPMENT  OF  THE  DYNAMIC  SIMULATION  AND  PREDICTION  SYSTEM 

The  fundamental  elements  in  the  dynamic  simulation  and  prediction  system  consist  of 
analyses  to  determine  all  forces  acting  on  the  bearing  cage  and  rollers,  including  those  due  to 
contact  between  the  inner  ring  and  the  cage,  the  rollers  and  the  cage,  and  the  rollers  and  the  inner 
race,  as  well  as  analyses  to  determine  dynamic  behavior  of  the  cage/roller  system  under  the  action 
of  the  external  forces. 

The  first  interim  report  described  analyses  for  determining  certain  forces  that  act  on  the 
roller  and  presented  preliminary  methods  for  calculating  roller- to- race  contact  forces  and  roller- 
to  cage  contact  forces.  The  equations  of  motion  and  the  general  coordinate  systems  were 
discussed  for  both  the  rollers  and  the  cage. 

The  following  sections  describe  analyses  of  the  remainder  of  the  roller/cage  forces  that  are 
of  significance  as  well  as  refinements  and  updates  for  analyses  of  some  of  the  forces  previously 
discussed. 

3.1  Roller  End  Viscous  Shear  Resistance  Model 

In  the  first  interim  report,  consideration  was  given  to  the  fluid  shear  forces  and  moments 
imposed  on  the  roller  cylindrical  surface  as  a result  of  its  proximity  to  the  cage  web.  The 
interaction  of  the  roller  end  surfaces  with  the  cage  and  guide  flange  also  produces  forces  and 
induces  moments  on  the  roller  due  to  shearing  of  the  interposed  lubricant  film.  The  magnitude 
of  these  forces  and  moments  is  influenced  by  the  type  of  lubrication  acting  at  these  interfaces; 
that  is  full  film,  boundary,  or  dry.  Because  hydrodynamic  normal  forces  tend  to  keep  the  surfaces 
separated,  the  current  analysis  assumes  that  full  film  lubrication  is  the  predominant  form  of 
lubrication  existing  during  high-speed  operation.  The  forces  and  moments  generated  are 
therefore  due  to  viscous  shearing  of  the  oil.  The  damping  effects  of  these  viscous  shear  forces  on 
the  roller  .nds  can  significantly  affect  the  roller  dynamic  motion.  In  addition,  a portion  of  the 
total  bearing  internal  heat  generation  is  due  to  the  energy  dissipated  in  overcoming  this  viscous 
shear  resistance. 


The  net  relative  velocity  between  the  roller  end  and  either  the  guide  flange  or  cage  siderail 
is  treated  in  this  analysis  as  being  the  result  of  a combination  of  both  translational  motion  of  the 
roller  center  due  to  rotation  about  the  bearing  axis  and  rotation  of  the  roller  about  its  own  center. 
The  viscous  shear  forces  and  their  line  of  action  are  dependent  upon  the  roller  angular  velocity 
wr,  the  lubricant  film  thickness  h,  and  viscosity  n,  as  well  as  the  geometry  of  the  surfaces.  Shear 
forces  arising  from  centripetal  acceleration  of  the  lubricant  due  to  cage  and  roller  rotation  are  not 
considered.  The  approach  used  in  this  analysis  is  to  superimpose  the  solution  for  Couette  flow 
between  parallel  plates  on  the  solution  for  a free  rotating  disk  in  a viscous  fluid  (Ref.  1 ).  How  tnif 
was  done  in  the  present  analysis  will  be  illustrated  first  for  the  interface  between  the  roller  end 
and  the  inner  race  guide  flange,  and  then  for  the  interface  between  the  roller  end  and  the  cage 
siderail. 


3.1.1  Roller  End  to  Guide  Flange  Interface 

Figure  3 shows  a schematic  of  the  roller  end  and  guide  flange  interface,  where  the  roller  has 
been  fixed  in  space  and  the  guide  flange  moves  past  it  with  a relative  translational  velocity. 
Lubricant  flowing  through  this  region  is  subjected  to  shearing  due  to  both  roller  angular  velocity 
and  rollcr-to-flange  relative  sliding.  It  has  been  assumed  that  these  effects  can  be  considered 
independently  with  the  total  effect  of  velocity  then  determined  by  superposition.  It  is  further 
assumed,  for  the  purpose  of  this  analysis,  that  the  lubricant  viscosity  is  constant,  the  flow  is 
laminar,  and  that  the  shear  stress  in  the  interface  is  unaffected  by  variations  of  local  film 
thickness  caused  by  roller  skewing. 
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RELATIVE  VELOCITY  OE  GUIDE  FLANGE 
WITH  RESPECT  TO  ROLLER  CENTER 


FORCE  DUE  TO 
RELATIVE  SLIDING 
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FORCE  DUE  TO 
RELATIVE  ROTATION 
F 
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Figure  3.  Viscous  Shear  Model  Force  and  Moment  System  for  Roller  End/Guide  Flange  Interface 


Willi  these  assumptions  taken  into  account,  the  total  shear  stress  acting  on  one  end  of  the 
roller  due  to  the  guide  flange  can  he  expressed  by: 

Tu  L rtl!  T T,„  ( 1 ) 

where: 

r1K  i;  total  shear  stress  between  roller  and  guide  flange 

i>k  - component  of  shear  stress  due  to  roller  rotation  relative  to  the  guide 

flange 

t,k  - component  of  shear  stress  due  to  roller  sliding  relative  u>  the  guide 
flange. 

Shear  Stress  Due  to  Roller  Rotation  Relative  to  the  Guide  Flange,  rril 

Discounting  edge  effects,  an  analysis  of  the  turning  moment  on  a disk  rotating  in  a viscous 
fluid  is  available  in  the  classic  text  by  Schlichting  (Ref.  1).  This  equation  is  applicable  when  the 
fluid  boundary  layer  due  to  disk  rotation  is  small  with  respect  to  the  gap.  This  condition  is 
generally  satisfied  due  to  the  very  high  roller  angulnr  velocities  encountered  in  typical  bearing 
applications.  However,  to  provide  a reasonable  estimate  of  the  shear  stress  on  a roller  due  to 
interaction  with  the  guide  flange,  the  reference  analytical  approach  had  to  be  modified  to 
approximately  reflect  the  effect  of  the  appropriate  sector-shaped  shear  area  as  illustrated  in 


Figure  4. 

According  to  the  analysis 
direction  for  n rotating  disk  is 

rrK  - 0.616  /;  ( j-  ) so? 

whore: 

/i  = density,  lb/in 
y = kinematic  vis 
ay  - angular  veioc 
r - radius  variab 
rri!  = shear  stress,  ! 
g = gravitational 

In  general,  the  force  Fril,  at 
relationships: 

Fr((  ~ .{^  r,  dA, 

and 

M,B  = JA>  t,  r dA, 
Substitution  of  Eq.  (2)  int 
FrK  = 0.616  p ( ) u 


1 hose  integral  equations  can  bo  solved  closed  form  for  the  total  force  and  moment  admit  on 
he  roller  end  face: 


’ cos  0 


Shear  Stress  Due  to  Roller  Sliding  Relative  to  the  Guide  Flange,  > 

because  of  the  kinematics  of  the  roiler/guide  flange  system  a largo  component  of  sliding  is 
present  between  the  two  surfaces.  Since  the  variation  of  the  sliding  velocity  in  the  radial  direction 
is  small,  we  can  consider  t he  (low  in  the  gap  between  the  roller  end  and  the  guide  flange  to  he 
primarily  one-dimensional,  i.e.,  in  the  hearing  circumferential  direction.  Thus  the  problem  can 
be  reduced  to  one  similar  to  Couette  flow  between  two  flat  plates  with  no  pressure  gradient 
present  along  the  direction  of  flow.  A schematic  representation  of  this  system  is  shown  in 
Figure  ;Y  | 


caaor  i-i  anc.i 


tefocifv  Hi  sin  hut  uni  .One  lu  Itrlut 


The  expression  lor  the  shear  stress  in  this  ease  is  given  by: 


The  cireumferent ial  relative  velocity  gradient. 


is  simply 


jm_  u_ 

<iz  h 


where  u is  the  relative  sliding  velocity  between  the  guide  linage  and  the  roller. 
Direct  substitution  lor  the  sliding  shear  stress  yields: 


The  basic  integral  expressions  relating  force  and  moment  to  the  applied  shear  stress, 
equations  (;"  and  il).  can  again  he  utilized  to  obtain: 


x (i  A„  - lA>  dA» 

Uc  t dA,  - r d A, 


The  effect  of  the  sector-shaped  slider  geometry  of  the  roller  end  face  must  once  again  he 
taken  into  account  by  choosing  appropriate  limits  for  the  surface  integrals  ( 121  and  (Id). Tlut  is: 

r-  ■ if  -C  •*  L,r  <lr  [U) 

»iu  a 

M*  “ T h*’)  fJ  dr  d°  (l5) 

sin  a 

Solving  1 13)  and  (I ft)  for  the  force  and  moment  on  the  roller  respectively: 


F*  " -fji-  I H;  (ir  --  20x)  - (H,  - r„, )*  (2  cot  fl,)  ] 


The  total  shear  force  on  tin*  roller  due  to  the  guide  flange.  Fu.  is  then  the  summation  of  t he 
rotational  and  sliding  components  and  acts  in  the  circumferential  direction. 

h'w  =■  Kril  • (IS) 

The  total  moment  about  the  local  roller  /.-axis  is: 

M„  - M,„  t M.„  (19) 

3.1.2  Roifor  End  to  Cog*  Sld*r*tt  Interface 

C'onsideration  of  the  effect  of  oil  film  shearing  in  the  roller  end/cnge  siderail  mtcrfr.cc  poses 
a problem  similar  to  that  for  the  roller  end  and  guide  flange  interface  presented  in  the  preceding 
section.  Since  the  shear  on  the  roller  end  will  also  affect  the  cage  dynamic  motion,  the  computed 
shear  forces  must  be  added  to  both  me  individual  roller  and  to  the  overall  cage  force  and  moment 
system.  The  roller  rotates  about  its  own  axis  with  respect  to  the  cage  and  is  also  free  to  nave 
circumferentially  and  radially  with  respect  to  the  cage. 

As  was  the  case  for  the  roller/guide  flange  contact,  the  total  shear  force  and  moment  is 
computed  approximately  by  summation  of  the  rotational  and  sliding  components.  Figure  (>  shows 
the  shear  stress  resulting  from  rotation  of  the  roller  with  respect  to  the  cage  siderail.  Since  shear 
variations  due  to  roller  skewing  are  not  considered,  it  can  he  inferred  from  the  figure  that  the 
contribution  of  the  roller  rotation  to  the  net  roller  radial  force  will  he  zero  since  shear  stress 
components  on  either  side  of  the  y-axis  are  equal  in  magnitude  and  opposite  in  sign. 


figure  (i.  Shear  Stress  Resulting  from  Rotation  of  Roller  Relative  to  Cage  Siderail 


In  addition.  because  of  the  small  clearances  between  the  boro  and  I bo  inner  ring  lands, 
the  effect  on  shear  due  to  any  cage  eccentricity  with  rcs|H‘ct  to  the  roller  pitch  diameter  can  be 
neglected.  'I'ho  total  moment  on  the  roller  due  to  shear  drag  with  the  cage  is  then  due  solely  to 
roller  angular  velocity,  wr. 

The  shear  stress  equation  for  a rotating  disk  is  again  modified  to  reflect  the  effect  of  the 
contact  /.one  which,  for  the  mller/cnge  interface,  is  approximately  rectangular.  Following  an 
analytical  procedure  similar  to  that  for  the  roller/guide  flange  contact  we  can  develop  the 
expression  for  the  roller  drag  moment  out*  to  its  angular  velocity  as: 


Mr(.  - ) W x dx 


rri.  = 0.616  /> 


and  all  terms  are  as  previously  defined  in  equation  (2).  Therefore, 


Mr„  = 0.61(5  p ( ± )'«,*  * W ( ip- ) 


'The  radial  and  circumferential  components  of  the  shear  force  acting  on  the  roller  due  to  a 
relative  sliding  velocity  between  the  roller  and  cage  are  calculated  using  the  same  type  of  Couette 
flow  analysis  as  was  used  for  the  roller/guide  flange  contact. 

The  radial  component. 

F„  )r  = ,(  r„.)r  dA 

(22) 

r ) . ^ ■ v ) 

The  circumferential  component: 


where: 


I'lH'lr  J r,,.),.  dA 
p ) . . V) 

1 *i*'r  v ii»i' 


F„.)r  ~ shear  force  due  to  sliding  relative  to  the  cage  in  the  radial  direction 

F„.)..  = shear  force  due  to  sliding  relative  to  the  cage  in  the  circumferential 
direction 
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! In'  l ni al  shear  It nci’  on  l he  k '•  roller  end  t all  mm  he  rumple) «-lv  ident Hied  In  siimnini;;  tin' 
t ompnnents  in  l he  radial  and  cireumterenltal  dun*  inns  due  1<*  li«  »t  Si  the  :;nide  flnnue  and  the 
(•a);1'  Thennlv  radial  shear  have  eotnponent  is  that  due  u>  roller  veloeitv  relative  to  the  rape  iei| 
i 

K,i.  - K.\ 

I he  total  rnnimlerentinl  shear  loree  is  tmind  In  ^mii mm;r  equations  ( |Si  and  t :!'t I 

I' ' *•  I'  i.  ‘ >,  I ;!  1 1 

I he  total  moment  nhout  iheloeal  roller  / axis  is  touud  h>  sununm;:  equations  < IP  and 'J 1 1 

M,h  M,.  • M„ 

I'.aeli  roller  everts  an  equal  and  opposite  draj:  toree  and  moment  on  the  ea;;e  the  dtreeltons 
ol  whir  h depend  on  the  sense  ol  t he  inst nntaneous  relat  ive  sliding  velneit v het ween  the  roller  and 
eai’.e  These  net  forces  on  the  k"  roller  and  k"'  eap.e  poeket  are  as  shown  in  Figure  ? The  meiall 
etteet  on  the  eai’.e  ean  he  represented  h\  a summation  of  die  mdivudal  eontrihutions  «>t  all  the 
rollers  which  then  identities  the  total  radial  and  eireutnlerentnd  shear  toree  arum;  on  the  eaite 
due  to  internet  ton  with  the  roller  ends. 


l ot'll  Kmliiil  t •iinpoin,nt 


F,  i,  1'  lb  K >, 
»•  \ 


cjtd 


where 


n - Number  of  rollers 
Total  < 'ireumforencinl  Components: 


I-,). 


L,  FtK)„ 


fJTt 


I'olal  Moment  about  race  / -axis: 


•I  It 

\1,  = V Mi  K >,  K.  KtK 

b I K l 


CAS) 


3.2  Elastic  Impact  Contact  Model 

Tin’  movement  of  a roller  a:  any  tune  tnav  be  with  sufficient  velocity  that  contact  with  the 
const  raining  surfaces  max  he  classified  as  an  impact  Analytical  methods  have  been  developed  m 
the  subject  program  to  deal  with  impacts  oeeurring  between  a toiler  and  the  inner  ring  guide 
flange  constraints  as  well  as  between  a roller  and  the  cage  web  constraints. 

A contact  is  -aid  to  exist  when  the  separation  distance  between  a roller  and  the  guide  rail 
or  t>\  cage  web  becomes  either  negative  or  less  than  some  previously  defined  minimum 
separation  distance  This  minimum  separation  distance  can  be  described  physically  as  the  film 
thickness  below  which  hvdrodx mimic  lubrication  theory  is  no  longer  valid  and  boundary  type 
lubrication  ettccts  predominate 

The  elastic  impact  model  described  in  the  tirsr  interim  report  was  intended  to  consider  both 
the  deformation  and  restitution  phases  ol  roller  and  cage  impacts.  This  approach,  while 
theoretically  valid,  was  prone  to  certain  computational  disadvantages. 

The  occurrence  of  an  impact  with  a corresponding,  metal  to  metal  contact  represents  an 
extremely  rapid  change  in  the  system  of  forces  acting  on  the  roller,  and  as  such,  represents  a 
virtual  discontinuity  for  the  mathematical  svstem  The  impact  forces  and  moments  me  functions 
of  both  the  displacement  and  stiffness  of  the  roller  and  the  body  it  is  in  contact  with,  and  may 
undergo  large  changes  in  magnitude  in  a very  short  time.  I’nder  these  conditions,  the  integral  ion 
time  step  required  to  solve  the  equations  of  motion  becomes  prohibitively  small. 

3.2.1  General  Solution  Technique 

To  avoid  an  undesirable  imnalty  in  execution  time,  an  unproved  analytical  method  wm 
devised  to  eliminate  the  necessity  of  calculating  the  impact  force  variation  during  the 
deformation  phase  of  the  impact,  hut  yet  still  allow  a real  lime  simulation  ot  the  post  contact 
mot  am  of  each  body.  At  each  time  step,  each  roller  in  turn  is  checked  to  determine  it.--  separot  ion 
di  lance  with  respect  to  the  raceway  guide  flanges  and  cage  web  All  rollers  indicating,  a contact 
situation  are  identified  These  rollers  are  then  analx  /ed  to  determine  which  of  them  contacts  the 
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Innills  drnpiMHi!  In  zero  at  the  end  nl  the  test  jtutinn  period  which  is  assumed  In  he  equal  In  mic 
hall  <■!  i he  I hem  el  teal  contact  dural  imi  I hump  I Ins  i mi  (net  tnmle.  the  response  nt  the  ml  lei  cape 
s\siein  i'  tleteriiiiiH'il  l>\  nite>;nii  me  the  I'tpiaiinii'  ol  nm'.iun  m I In*  usual  manner  At  the  end  nl 
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the  s nlliilt  I ttliule 

I he  alms  e procedure  ts  Miuimttn/rtl  in  Kipirc  S and  is  applied  as  ties,  rilu  d to  mip.u  t>  nl  t hi 
roller  with  the  panic  fhmpcs  and  with  the  cnee  weh 

0.2.2  Etloct  ol  C«g*y  Web  Flexibility 

An  .'Inals  sis  in  lieierimne  the  eltoct  nt  cace  wcl>  Ih'silnlus  nil  contact  it  tree  s iin.it  ton  ami 
innttn  i lime  duration  has  hern  completed  Depemliiie  on  the  roller  slum  nnele  at  the  instant  ol 
contact.  the  impact  three  may  lie  assumed  to  act  as  either  a point  load  near  the  root  of  the  cape 
sveh  t where  t he  cnee  weh  loins  the  siderailt.  or  as  an  evenly  distributed  fort  e os  or  t he  roller  to. weh 
contact  "leapt  h.  This  latter  assumption  ot  line  comm  t occurs  only  when  there  is  zero  relative  skew 
hetweea  the  roller  and  tin'  cup',  which  is  considered  rather  inihkels  Ifesulis  of  the  analysis 
indicate  that  cap'  w eh  flexibility  can  sipiifh  anils  affect  die  tnapnit tide  ol  the  peak  toivc  for  line 
ts|ie  contact.  hui  ih.il  weh  flcxilnhix  has  a hcplipdde  eileci  lor  the  more  likels  oecurrinj;  pomi 
coni, acts.  Therelore,  it  is  advantiipmus  ln*m  an  execution  nine  standpoint  to  utilize  the  more 
approximate,  lipid  cape  weh  meiho.l  ot  ninth  sis.  This  is  based  on  the  aastimpt  ions  that  onlv  pi  mil 
tspe  contacts  m-cur  and  that  the  hearint;  penmrtry  and  materials  are  similar  m those  that  hase 
heen  t inplost'ii  in  the  parametrie  test  program 

3.3  Cage  Ma»»  Momant  of  Inertia 

As  a com  entcnce  tor  the  ust'r,  an  analssis  for  the  detenu  mat  ion  ot  the  cape  nut's  nnnnents 
ot  inertia  ahout  the  body  tixed  x,  y.  ami  / axes  wa«  derived.  incorporated  in  the  proprani.  ami  is 
presented  here.  The  analysis  assumes  dial  the  case  pockets  are  eveidv  spaced,  with  the  x axis 
rmliat  inf!  from  the  center  of  the  cap' t humph  the  center  of  pocket  mi  tuber  1 at  :1  o’elot'k  is  shown 
in  Kiptire !).  Kurtherinore.  it  i--.  also  assumeil  that  the  Ua!  x.  y.  am!  ,•  axes  are  the  prim  ipal  axes 
This  is  normally  true  for  conventionally  de'ipncd  capes  Willi  an  cm-ii  nutnher  o|  pockets  The 
assumption  is  approximately  correct  for  rapes  with  an  odd  number  of  pockets,  since  I he  number 
of  rollers  ja  a m.unshaft  pas  turbine  cnpiiie  hearmp  is  sulii  u-nth  l.aipo  so  dial  die  effect  ol  this 
assumption  on  the  mass  moment  of  inertia  becomes  neplipddc 
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Return  to  time  t and 
adjust  time  step,  dt'  to 
determino  velocity  and 
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Calculate  peek  force  end  contact 
duration,  ted,  from  Hertz  theory 
for  centrally  impacting  spheres. 


T ” 0 

Assume  the  force  varies  as  above 
for  the  restitution  phase  of  the 
impeet  over  e time  interval  equal 
to  y*  of  the  theoretical  Hertzian 
contact  duration. 


Figure  8.  Contact  Model  Determines  Impacting  Roller 


Figure  9.  The  x-Axis  Intersects  the  Number  One  Cage  Pocket 


l’lio  equations  for  tlu*  mass  moments  of  inertia  are  as  follows: 
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(33) 


n = No.  of  cage  pockets 

q = qth  cape  pocket 

pc  = Cage  mass  density  (tb/in!) 

Wc  = Total  width  of  cage  (in.) 
r„  = Cage  outer  radius  (in.) 
r,  = Cage  inner  radius  (in.) 

VV,,  = Width  of  cage  pocket  (in.) 

= Azimuth  angle  of  q‘h  cage  pocket  (rad) 

S = circumferential  length  of  cage  pocket  at  pitch  radius  (in.) 


Figure  10.  Front  and  Rear  Cage  Pocket  Azimuth  Angles 

3.4  Roller  Dynamic  Wear  Model 

Accurate  prediction  of  roller  end  wear  due  to  dynamic  interaction  with  the  cage  and  guide 
flanges  presents  a difficult  analytical  dilemma  from  two  standpoints.  The  mechanism  of  dynamic 
wear  is  quite  complex  and  requires  rigorous  treatment  if  an  accurate  wear  profile  is  to  be 
generated.  The  analysis,  however,  must  he  efficient  and  quickly  solvable  via  the  computer  if 
reasonable  run  times  are  to  be  possible. 

A linear  wear  model  was  selected  to  represent  the  wear  mechanism  between  the  roller  end 
and  the  guide  flange  since  the  relative  sliding  velocities  are  quite  moderate  and  are  typically  in 
the  200-300  ft/sec  range.  This  type  of  model,  which  has  been  used  to  compute  wear  in  journal 
liearings  and  similar  sliding  devices  (Ref.  3)  has  to  be  modified  to  reflect  both  geometry 
differences  as  well  ns  the  transient  loading  conditions  inherent  in  the  roller  end/guide  flange 
contact  zone.  The  general  form  of  this  model  is  expressed  as: 


W - f(K,  P,  S) 


The  specific  form  of  this  model  employed  in  (he  subject  analysis  is  the  linear  version; 
namely 


W - KPS 


(34) 


where 


W = wear  volume  (in?) 

K = empirically  determined  wear  coefficient  (inVin.-lb) 

P = load  (ft) 

S = sliding  distance  (in.) 

Whereas  the  load  P usually  represents  a steady-state  load,  the  TR1BO  1 wear  model 
redefines  P in  terms  of  a Hertzian  impact  load  for  point  contacts  (Ref.  4). 


0.7064  (VS  M*  B ‘ E?)*  “ 


(35) 


where 


V„  =■  normal  approach  velocity  (in. /sec) 

Mr  - mass  of  roller  (tb) 

B = roller  corner  radius  parameter,  l/2R,.orm,r  (in.  *) 

E)1  = equivalent  clastic  modulus  of  roller  and  guide  flange  (psi  •) 


( 1 ~ * = 1 ~ »l) 
V ff  E,  n Ea  / 


i',.  i'j  - Poisson's  ratio  of  roller  and  guide  flange 

The  sliding  distance,  S,  is  considered  as  a function  of  roller  and  guide  flange  velocity 
components  in  the  radial  and  circumferential  directions  as  well  as  the  dynamic  contact  duration 
time,  At.  It  is  assumed  that  the  roller  angular  velocity  remains  constant  during  the  contact. 


The  sliding  velocity  is  given  by 
v. = (V?  + V?)'" 


(36) 


where 


V,.  -■  relative  circumferential  roller  velocity  component  (in. /sec) 
Vr  - relative  radial  roller  velocity  component  (in./sec) 

The  Hertzian  contact  duration  time  for  a point  contact  (Ref.  4): 


Atc  - 5.198  (W  M?  B Er  *),/#  (37) 

Thus  the  sliding  distance  is: 

= (V?  + V?),,J  At,.  (38) 

This  concept  has  been  utilized  as  the  basis  for  the  incremental  wear  model,  wherein  a wear 
increment,  W,.  is  calculated  from  the  following  equation  whenever  a contact  occurs  in  the 
dynamic  system. 
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4.  DEVELOPMENT  OF  THE  COMPUTATIONAL  SYSTEM 

The  computational  system  consists  of  the  algorithm  which  determines  all  roller  ami  cage 
forces  and  integrates  the  roller  and  cage  equations  of  motion  to  determine  their  respective 
positions  and  velocities  as  a function  of  time. 

The  overall  computer  program,  TRIBO  1,  is  organized  on  a modular  basis  and  is  built  on 
four  major  subprograms,  or  modules,  namely;  STATIC,  CADYN,  RODYN  and  SYSDYN.  Each 
of  these  modules  will  be  discussed  with  its  own  input  and  output  capability  and  each  can  be  run 
ns  a separate  program  apart  from  TRIBO  1.  Each  module  is  composed  of  many  subroutines  which 
are  used  for  evaluation  of  the  forces  and  moments  arising  from  interactions  among  the  hearing 
raceways,  cage,  and  rollers. 

The  basic  structure  and  logic  of  these  subprograms  was  developed  and  reported  in  the  1st 
interim  report.  Work  since  then  has  resulted  in  extensive  refinement,  and  in  some  cases, 
replacement,  of  some  of  the  above  mentioned  subroutines.  'Phis  effort  has  resulted  in  certain 
revisions  that  reduce  computer  time  and  others  that  reduce  computer  core  requirements.  Also, 
extensive  revisions  to  the  program  input/output  subroutines  have  been  made  resulting  in  greater 
clarity  and  convenience  for  the  user.  In  addition,  model  validation  was  effected  through 
comparison  with  a closed  form  analytical  solution,  and  several  parametric  studies  were  run  to 
illustrate  particular  subprogram  capabilities. 

4.1  STATIC  Program  Module 

STATIC  is  the  subprogram  which  provides  the  means  for  quasi  static  roller  hearing  design 
optimization.  The  related  analysis  and  program  capability  were  discussed  in  the  first  interim 
report  in  Sections  IV  and  VI  respectively. 

Work  performed  during  this  reporting  period  was  directed  towards  improving  program 
computational  efficiency  for  STATIC  and  updating  several  related  roller  optimization  sub- 
routines. Also,  the  STATIC  subprogram  module  was  incorporated  into  the  overall  'TRIBO  1 
program. 

4.1.1  Improved  Computational  Efficiency  of  STATIC 

The  flexible  ring  bearing  analysis  used  within  the  subprogram  STATIC  was  developed  from 
an  earlier  version  of  the  deck,  which  was  based  upon  an  assumption  that  the  inner  and  outer 
bearings  rings  were  rigid.  The  flexible  ring  analysis  utilized  this  rigid  ring  analysis  to  provide 
initial  values  of  roller  deflections  for  the  flexible  ring  iterative  procedure.  Subsequent  experience 
has  indicated  that  it  is  not  necessary  to  obtain  the  rigid  ring  solution  ns  the  first  step  in  finding 
the  flexible  ring  deflections.  The  elimination  of  this  first  step  in  the  analysis  has  resulted  in  up 
to  a 30'V-  reduction  in  computer  time  for  some  test  cases. 

Additional  development  work  on  the  static  roller  optimization  analysis,  called  subroutine 
OPTIMA,  has  resulted  in  increased  capability  in  handling  extremes  of  both  misalignment  and 
outer  ring  out-of-roundness. 


4.1.2  Improvement  to  the  Roller  Optimization  Module 

The  roller  optimization  module  has  been  updated  with  the  addit  ion  of  two  subroutines.  The 
first  subroutine  deals  with  the  calculation  of  the  influence  coefficients  for  the  inner  and  outer 
rings  and  support  structures.  The  second  subroutine  provides  a way  to  take  into  account  the 
effect  of  raceway  undercuts  on  the  optimum  combination  of  roller  flat  length  and  crown  radius. 
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As  explained  in  Section  IV  of  the  first  interim  report,  the  influence  coefficients  are  used  to 
account  lor  the  effects  of  ring  and  support  structure  flexibility  on  the  bearing  internal  roller  load 
distribution  and  hence  on  bearing  life.  In  actual  aircraft  engine  applications  the  inner  and  outer 
ring  support  structures  may  have  rather  complex  cross  sections  and  the  influence  coefficients 
corresponding  to  the  application  of  a point  load  may  have  to  be  determined  by  menns  of  either 
a finite  element  analysis  or  a shell  analysis.  While  it  may  be  desirable  to  consider  the  effects  of 
ring/support  flexibility,  the  use  of  either  of  these  procedures,  to  calculate  influence  coefficients 
however,  is  generally  not  necessary  in  a preliminary  design  since  the  support  structure  geometry 
is  normally  not  defined  sufficiently  to  warrant  the  effort  involved. 


The  new  subroutine  allows  consideration  of  flexibility  effects  without  requiring  a structural 
analysis.  The  required  “A”  influence  coefficient  submatrix  can  be  calculated  within  the  program 
for  an  assumed  ring  and  support  geometry.  The  calculation  logic  is  based  on  the  assumption  that 
the  ring  and  structure  can  be  replaced  by  a single  equivalent  ring  with  n rectangular  cross  section 
supported  by  a sinusoidally  varying  shear  load  (Ref.  5).  The  influence  coefficients,  Aqj,  defined 
as  the  radial  deflection  of  th  q,h  roller  location  due  to  a unit  load  at  the  j*h  location,  are  then 
prescribed  by  the  following  formula. 

Aqj  = -p-  " -j  (ir  - 0q)  sin  4>q  + ( “ - y <A,  + j cos  - 1 J ~j-  (42) 


where 


<5q  = radial  deflection  of  the  qth  roller  location,  in. 

Pj  = unit  load  at  the  j*h  roller  location,  !bf 
q = circumferential  location  of  the  q‘h  roller,  rad. 

R = radius  to  the  neutral  axis  of  the  equivalent  rectangular  cross  section 
support  structure,  in. 

E = equivalent  Young’s  modulus  of  support  structure,  psi 

I = effective  polar  moment  of  inertia  of  support  structures,  ini 

It  is  emphasized  that  these  internally  calculated  influence  coefficients  should  only  be  used 
in  the  preliminary  design  stage.  Once  the  supporting  structures  are  defined,  the  finite  element 
analysis  should  then  be  used  to  determine  the  influence  coefficients. 


The  second  subroutine  added  to  the  roller  optimization  module  allows  for  the  consideration 
of  the  effect  of  raceway  undercuts  on  the  optimization  of  the  roller  flat  length  and  crown  radiu9. 
The  inner  raceway  undercuts  facilitate  machining  operations  during  manufacture  and  provide  a 
means  of  distributing  oil  to  the  raceway  and  guide  flange  surfaces.  The  roller  must  be  designed 
so  that  the  contact  area  “footprint”  does  not  extend  over  the  edge  formed  by  the  breakout  of  the 
raceway  undercut  and  the  raceway  surface.  If  this  should  occur,  stress  concentrations  would  occur 
and  roller  life  would  be  severely  reduced. 
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4.1.3  incorporation  of  STATIC  Into  TftIBO  1 


'liie  incorporation  of  (ho  STATIC  module  into  the  overall  TR1IW)  1 program  has  been 
completed.  With  this  addition,  TRIBO  1 can  now  he  run  in  any  of  the  following  six  modes  each 
of  which  are  independent  of  the  others: 

1.  STATIC 

2.  CADYN 
RODYN 

•I.  SYSDYN 
5.  STATIC  ♦-  ROBYN 
(i.  STATIC  -t-  SYSDYN 


'This  feature  is  of  particular  interest  since  the  program  now  has  the  capability  of  running,  the 
STATIC  module  in  conjunction  with  either  RODYN  or  SYSDYN.  This  STATIC  module  provides 
the  circumferential  roller  load  distribution  and  details  information  about  the  roller- to- raceway 
contact  area,  such  as  its  location  with  respect  to  the  roller  center  of  mass,  and  its  variation  due 
to  roller  loading.  This  information  is  passed  to  RODYN  or  SYSDYN  and  is  used  by  the  traction 
subroutine  to  calculate  roller  traction  forces  and  moments  which  affect  roller  motion. 


4.2  CADYN  Program  Modula 

The  development  of  CADYN,  the  cage  dynamics  module,  has  proceeded  ns  planned.  A 
series  of  test  cases  have  been  employed  in  this  work  that  were  designed  to  validate  the  program 
for  cage  3-D  motion.  A parametric  study  was  also  undertaken  to  assess  the  effects  of  both  cage 
mass  and  cage  and  inner  ring  interfacial  shear  forces  on  the  2 1)  motion  of  the  cage. 


Three-dimensional  cage  motion  was  simulated  by  modeling  the  motion  of  a free  gyroscope 
which  was  allowed  to  rotate  in  any  direction  about  a fixed  point  in  space.  The  choice  of  the  free 
gyro  as  a test  case  allows  for  the  determination  of  the  correctness  of  the  general  system  dynamics 
without  the  need  to  consider  the  constraints  ordinarily  arising  from  interactions  of  the  cage  with 
the  rollers  and  he  ring  lands. 


With  CADYN,  the  cage  geometry  was  input  such  that  it  represented  the  rotor  of  the 
gyroscope  whose  (Hilar  axis  was  the  local  z-axis.  Thus,  the  moments  of  inertia  about  the  local  x, 
y,  and  z axes  were  I„  ~ !.  lyv  - I,  !„  = Ip.  The  gyroscopic  motions  about  the  local,  x.  y.  and  z 
axes  were  determined  by  solving  Ruler’s  equations  of  rotational  motion  for  the  s|H>cial  case  of  zero 
external  torque.  The  solution  of  the  resulting  differential  equations  was  derived  for  the  special 
Kulerian  coordinate  system  within  CADYN.  in  a manner  similar  to  that  presented  in  Ref.  l>. 


The  resultant  angular  velocity  components  are  given  as  follows: 


W,  W,„  cos  (kt)  t Wy„  sin  (kt) 

VVv  - W,„  sin  (kt)  I Wyo  cos  (kt)  (43) 

W,  - Constant  Wcoso 

where 


I,.  I 


u>, 


arc  tan 


[ ^ tan  <, 


angle  between  the  local  z ami  inertial  /-axes  Ulcgl 


cage  angular  velocity  about  the  local  x axis  at  t - o (rpm) 


voy„  cage  angular  velocity  about  the  local  v-axis  at  t - o (rpm) 
u'  - magnitude  of  the  cam1  angular  velocity  vector  (rpm) 
o angle  hot  ween  the  angular  velocity  vector  and  the  local  /.-axis  (deg) 

For  this  example  the  assumed  initial  conditions  are  as  follows: 
u)  “ l(KX)  rpm 

0 27.0° 

1 - TO  lb-in. -sec1 

I,,  = ;I.O  lb-in, -sec1 
d 10° 

The  results  of  this  test  case  as  obtained  from  CADYN  showed  excellent  apreement  with  the 
exact  solutions,  as  indicated  in  Table  1. 


TAHITI  1.  CADYN  TEST  UESDl.TS 
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Much  information  about  the  relative  influence  of  certain  vat  tables  on  overall  cape  dynamic 
behavior  can  be  obtained  by  performing  parametric  studies  as  an  integral  part  of  the  program 
development  process.  The  results  of  such  studies  provide  data  on  the  computation  time 
requirements  of  particular  analyses  and  can  assist  in  the  determination  of  whether  the  amount  of 
computer  time  spent  in  solving  for  a given  parameter  is  justified. 

Two  parametric  studies  were  undertaken  using  CADYN,  In  the  first  study,  the  effects  of 
reduced  cage  mass  on  the  uncoupled  cage  motion  were  observed.  The  dynamic  behavior  of  a cage 
with  one  fifth  the  mass  of  the  standard  cage  was  examined  over  a range  of  unbalances  from  0 to 
10  gm-cm.  From  the  resulting  plots  ol  cage  motion,  it  was  determined  that  a reduction  in  cage 
mass  results  in  a larger  film  thickness  between  the  cape  and  the  inner  ring  land  riding  surface  over 
the  range  of  unbalances  considered,  as  shown  in  Figure  tt. 

The  second  CADYN  study  examined  the  effect  of  the  fluid  shear  forces,  as  well  as  the 
hydrodynamic  normal  forces,  on  the  cage  film  thickness.  'l\vo  cases  were  run  for  comparison.  One 
case  included  the  effects  of  shear  forces  on  the  cage,  the  other  had  the  shear  forces  and  moments 
suppressed.  As  seen  in  Figure  12,  the  shear  forces  and  moments  have  a significant  effect  on  the 
cage  motion  and  final  steady  state  film  thickness.  These  results  clearly  show  that  the  shear  forces 
cannot  he  neglected  in  the  analysis. 


Figure  it.  Reducing  Cage  Mas*  Increases  Minimum  Film  Thickness 


4.3  RODYN  Program  Modulo 

RODYN  is  the  subprogram  designed  to  evaluate  the  dynamic  behavior  of  bearing  rollers 
when  uninfluenced  by  interactions  with  the  cage.  This  module  contains  all  roller  equations  of 
motion  and  all  subroutines  relating  to  the  determination  of  forces  resulting  from  interactions 
between  the  rollers  and  both  the  inner  and  outer  rings. 

Work  performed  during  this  reporting  period  centered  primarily  on  the  development  of  the 
additional  force  and  moment  subroutines  discussed  in  the  following  sections.  A discussion  of 
input/output  improvements  is  also  included. 

4.3.1  RoilerlQuIde  Flung*  and  RollerICage  Siderail  Hydrodynamic  Contact  Modal 
Development 

The  finite  element  analysis  developed  to  model  t he  hydrodynamic  behavior  of  t he  lubricant 
film  between  the  roller  and  the  guide  flange  and  between  the  roller  end  and  cage  siderail  has  been 
incorporated  into  the  main  TRIBO  l Program. 

'Phis  analysis,  called  PKRFI,  was  originally  created  and  tested  as  an  independent  program 
in  keeping  with  the  modular  concept  of  TRIBO  1 development.  The  inclusion  of  this  program  as 
a subroutine  of  TRIBO  l required  the  development  of  additional  supporting  modules  in  order  to 
provide  all  the  necessary  input. 

A preprocessor,  designated  BRKl'P,  was  developed  to  automatically  assign  the  finite 
element  irrid  to  both  the  guide  Range  and  cage  siderail  interfaces.  The  element  arrangement,  node 
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No.'s  and  node  coordinates  for  each  interface  are  stored  internally  within  the  program,  based 
upon  usei  input  geometry.  A typical  breakup  ifi  shown  for  the  guide  flange,  Figure  l.‘l,  and  for  the 
cage.  Figure  14. 

An  accurate  description  of  the  local  roller  velocity  relative  to  the  guide  flange  and  the  cage 
is  also  required  as  input  to  FERFI,  The  relative  velocity  at  each  node  in  the  breakup  has  to  he 
defined  in  terms  of  its  radial,  tangential  and  axial  components  as  identified  in  Figure  15.  These 
velocities  are  calculated  in  another  module,  ROLVEL.  The  ROLVEL  subroutine  is  called  at  every 
time  step  in  order  to  provide  FERFI  with  the  most  up-to-date  information. 

Description  of  the  interface  is  completed  by  calculating  the  film  thickness  distribution 
between  the  interacting  surfaces  in  subroutine  ROLSEI*.  The  film  thickness  distribution  within 
the  roller/guide  flange  interface,  as  represented  in  Figure  16  is  affected  by  roller  axial  translation, 
roller  skew  and  guide  flange  layback  angle.  The  roller/cage  siderail  interface  film  thickness 
distribution  is  a function  of  both  cage  and  roller  axial  translation  and  skew.  The  film  thicknesses 
(separation  distances)  at  each  node  are  calculated  as  a function  of  these  variables  at  each  time 
step.  A description  of  the  actual  calculations  used  in  FERFI  was  given  in  Section  V.C.;t  of  the  first 
interim  report. 

A variety  of  test  cases  wore  prepared  in  order  to  confirm  the  proper  function  of  the  FERFI 
module  and  its  associated  support  modules  within  TRIHO  1.  One  of  these  test  cases,  presented 
below,  calculates  the  pressure  distribution  over  a flat  circular  surface  as  it  normally  approaches 
a plane  wall  at  a constant  velocity.  This  example  was  chosen  because  a closed  form  solution  is 
available  (Ref.  7)  for  this  monotonic  squeeze  film  problem  by  direct  integration  of  the  Reynold’s 
equation.  The  geometry  ami  operating  conditions  used  in  this  model  test  case  are  as  follows: 

Radius  of  the  circular  pad, 

Instantaneous  film  thickness. 

Approach  velocity. 

Lubricant  viscosity. 

As  is  indicated  in  Table  2.  excellent  agreement  for  the  hydrodynamic  pressure  distribution 
was  obtained  between  the  finite  element  method  and  the  exact  solution. 


r„  = 1.0  in. 
h - 0.001  in. 
h 10.0  in./sec 
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4.3.2  Fore*  and  Momant  Oua  to  Rollar  Unbalanca 

The  analysis  of  the  forces  resulting  from  roller  unbalance  was  derived  in  a manner  similar 
to  that  list'd  in  the  cage  unbalance  analysis.  As  indicated  in  the  first  interim  re|Htrt,  the 
expression  for  this  unbalance  force,  Frk  due  to  the  j,h  imbalance  mass,  in  the  k"’  roller  is  given 
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The  RollertGuide  Flange  Finite  Element  Breakup  Model  Uses  Triangular  Elements 
Compatible  With  the  Sector  Shape  of  the  Interface  Region 


Siderail  Finite  Element  Model  A ho  Uses  Triangular  Elements  for  ti 
j of  the  Hydrodynamic  Force  on  It 
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l*  = number  of  unbalance  masses  in  the  roller 


and  the  position  vectors  R,k  and  fIJ1(,  as  shown  in  Figure  17,  represent  the  location  of  the  kth  roller 
center  in  the  vertical  frame,  and  the  location  of  the  j,B  unblanace  mass  with  respect  to  the  roller 
center.  • - 

The  out-of-plane  motion  of  the  roller  is  then  affected  by  the  unbalance  moment  created  by 
the  cross-product  of  the  position  vector,  rrjl>,  and  the  imbalance  force,  K,,  as  given  below 

Mrk„„h,|  =:  r,|k  X Frkullb„  (47) 

The  calculation  of  this  moinent  is  of  great  interest  since  it  is  felt  that  the  component  of  this 
unhlnnce  moment  about  the  roller  radial  axis  is  one  of  the  primary  causes  of  roller  skewing. 

4.3.3  Skewing  Moment  Induced  by  an  Asymmetric  EHD  Traction  Distribution 

The  introduction  of  shaft  misalignment  results  in  roller ’’foot  prints",  i.e.  roller  contact  areas 
on  the  inner  arid  outer  raceway  surfaces,  which  arc  nonsvuimctrica!  with  respect  to  the  roller 
circumferential  axis.  When  this  situation  occurs,  the  calculated  HHI)  traction  force  is  displaced 
from  its  axial  position  at  the  middle  of  the  roller  length  to  a location  where  the  contact  moment 
uIkhiI  a circumferential  axis  through  that  point  would  be  zero.  (See  Figure  1 K) . This  new  point. 
rlh , is  calculated  based  upon  information  obtained  from  STATIC  concerning  the  total  roller 
contact  load  and  tlw  contact  moment  about  the  circumferential  axis  through  the  middle  of  the 
roller  length. 


Tims,  for  the  i‘"  raceway  surface  on  the  k h roller; 


. _ 1 outer  raceway 

2 inner  raceway 

M,,,  - contact  moment  (in  -tbf) 

~ contact  load  (tbf) 

After  calculating  all  of  these  moment  arms,  « curve  is  fit  through  the  plot  of  their 
magnitudes  for  the  inner  and  outer  surfaces  as  n function  of  circumferential  location,  ».  This 
procedure  enables  the  program  to  obtain  values  for  the  moment  arm,  in  a manner  similar  to  that 
used  for  the  traction  force,  for  each  roller  as  it  travels  around  the  raceway  surfaces.  The  skewing 
moment  for  each  roller  is  then  calculated  to  he  the  sum  of  the  products  of  the  moment  arm  and 
its  associated  traction  force  on  the  inner  and  outer  raceway  surfaces. 
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AXIS  THROUGH  ROLLER  CENTER 


Figure  IS.  The  'fraction  Force,  Fr,  In  Applied  at  an  Axial  Position,  r,  Located  at  the  Center  of 
Pressure  of  the  Contact  Ellipse 

4,3.4  RODYN  I/O  Improwmintt 

Several  new  input  and  output  features  have  been  incorporated  in  KODYN,  the  roller 
dynamics  program.  This  work  wa9  done  to  improve  convenience  for  the  user  in  the  set-up  and 
running  of  the  deck.  New  output  routines  were  also  developed  to  highlight  the  most  important  of 
the  various  output  data  generated  by  the  many  analyses  within  the  program.  Both  seta  of 
improvements  combine  to  provide  an  increase  in  overall  cost  effectiveness  of  ihe  program  by 
reducing  the  probability  for  error  and  reducing  the  time  required  for  interpretation  on  the  part  of 
the  user. 

There  were  three  areas  of  improvement  in  the  input  section.  The  first  consisted  of  the 
establishment  of  roller  sets.  Each  input  roller  set  contains  any  number  of  identical  rollers  within 
the  complement,  the  rollers  in  the  set  being  identified  by  their  position  with  rcs|>cet  to  roller 
No.  1 at  the  3 o’clock  position.  The  rollers  in  the  last  set  need  not  be  identified  since  the  program 
assigns  all  previously  undefined  rollers  to  this  set.  This  feature  is  especially  useful  when  there  is 
only  1 roller  in  the  complement  which  is  different  than  the  others.  That  one  roller  is  identified  by 
number  in  the  first  set,  while  the  remaining  rollers  are  automatically  assigned  within  the  second 
set. 

The  second  improvement  that  was  made  concerned  the  initial  conditions  imposed  on  each 
of  the  rollers.  Default  values  for  the  position  of  the  center  of  mass,  angular  orientation,  translation 
velocities,  and  angular  velocities  have  been  internally  set  for  each  roller.  The  default  value  is  that 
quantity  assigned  automatically  to  the  subject  parameter  by  the  program  if  the  user  does  not  care 
to  make  an  independent  assignation.  Each  roller  is  positioned  at  the  pitch  radius,  evenly  spaced 
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around  the  circumference  and  centered  midway  l>etween  the  inner  ring  guide  flanges.  The 
angular  orientation  is  set  such  that  the  roller  local  z-axis  or  polar  axis  is  in  the  same  direction  as 
the  inertial  Z axis,  i.e.  no  skewing  initially  exists.  The  orbital  velocity  of  the  center  of  the  roller, 
j),  is  initially  set  equal  to  the  no-slip  orbital  speed.  Similarly,  the  angular  velocity  of  the  roller 
about  its  own  center  is  also  set  according  to  the  no-slip  condition.  Finally,  the  initial  orientation 
of  the  roller  is  set  such  that  the  local  x axis  is  colinear  with  a line  drawn  from  the  center  of  the 
bearing  through  the  center  of  the  roller  as  depicted  in  Figure  19.  This  is  accomplished  by  fixing 
the  roller’s  Euler  angle  ^ equal  to  the  roller’s  inertial  angular  position  >j.  The  benefit  derived  from 
doing  this  is  to  make  it  easier  to  interpret  the  roller  output  data. 


Figure  19.  The  Local  x-Axis  of  the  k 1,1  Roller  Is  Oriented  Such  That  Its  Euler  Angle  Is  Equal 
to  the  Roller's  Angular  Location  y*  Within  the  Complement 

The  last  new  input  feature  incorporated  in  the  RODYN  module  provides  the  user  with  the 
option  of  suppressing  any  of  the  individual  force  routines  in  the  program.  Thus,  if  it  becomes 
evident  that  for  a particular  application,  one  of  the  forces  plays  an  insignificant  role  in  the 
determination  of  the  roller  motion,  that  calculation  may  then  be  eliminated  for  subsequent, 
similar  runs.  Ihis  option  provides  the  user  a corresponding  savings  in  computer  run  time. 

The  RODYN  output  format  has  also  been  revised  so  that  the  most  important  of  the 
calculated  data  can  be  highlighted.  This  work  has  been  accomplished  in  both  the  print  and  plot 
routines.  In  the  output  printout,  the  user  now  has  the  capability  of  eliminating  output  data  for 
any  number  of  rollers,  thereby  focusing  attention  on  information  pertaining  to  only  a particular 
number  of  rollers.  In  addition,  the  type  of  data  printed  for  those  rollers  can  be  shortened 
considerably  by  selecting  only  certain  types  of  output  data.  This  is  done  by  setting  up  groupings 
of  various  output  data.  Each  numbered  group,  containing  a set  of  output  parameters,  is 
assembled  in  a table  and  presented  to  the  user  at  input.  The  user  then  selects  any  number  of 
output  data  groups,  according  to  his  needs.  In  a similar  manner,  output  plots  of  particular 
parameters  may  be  selected  at  input  by  the  user, 
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4.4  SYSDYN  Program  Module 


Modeling  the  dynamic  behavior  of  the  complete  roller  hearing  system  is  accomplished 
within  TWBO  l by  activation  of  the  SYSDYN  program  module.  SYSOYN  utilizes  the  CADYN 
and  ROOYN  analyses  in  combination  with  additional  subroutines  designed  to  account  for  the 
interactions  that  occur  betwen  rollers  and  cage.  The  forces  and  moments  imposed  on  the  rollers 
due  to  the  cage  and  vice  versa  are  transmitted  through  the  interfaces  at  the  circumferential  cage 
web  and  the  cage  siderail.  Forces  and  moments  developed  at  these  interfaces  arise  from  either 
hydrodynamic  pressure  generated  in  the  interposed  lubricant  film  or  through  actual  metal-to- 
metal  impact.  The  development  of  the  roller  cage  web  impact  model  was  discussed  previously  in 
this  report  in  Section  3.2.  The  roller-cage  web  hydrodynamic  contact  model  was  described  in  the 
first  interim  report  in  Section  V.C.2. 

Three-dimensional  roller  and  cage  motion  ns  predicted  by  SYSDYN  can  be  very  complex. 
Simplification  of  the  3-D  coupled  system  by  restricting  motion  to  two  dimensions  is  valuable  for 
the  purpose  of  confirming  the  basic  program  logic  and  analyses,  and  efforts  on  the  development 
of  the  SYSDYN  module  have  been  primarily  directed  towards  this  end.  Fx pension  of  the  model 
to  include  3-D  motion  is  proceeding  as  well,  contingent  upon  successful  completion  of  the  2-1) 
program  validation  tests.  A number  of  general  improvements  have  also  been  made  to  the 
SYSDYN  module  to  upgrade  efficiency  and  enhance  user  convenience. 

One  of  these  improvements  is  that  the  overall  input  format  was  broken  down  into  several 
separate  components  based  upon  the  combination  of  sub  programs  to  be  run  o.g.  STATIC, 
STATIC  plus  SYSDYN,  SYSDYN  alone,  etc.  Knelt  of  these  component  input  formats  is  now  a 
separate  entity,  identified  by  a single  flag  on  the  first  input  card,  and  reflecting  only  that 
information  required  ns  input  to  run  the  specific  subprogram  desired.  In  addition,  several  other 
convenience  items,  such  ns  the  capability  of  inputting  cage  angular  velocities  in  the  cage  local 
frame,  as  opposed  to  the  inertial  frame,  were  built  into  the  deck. 

Interpretation  of  program  output  lias  also  been  greatly  improved  by  (be  development  of  an 
expanded  plotting  routine  for  SYSDYN,  The  new  plotting  package  can  be  requested  in  its 
entirety  or  on  an  individual  plot -bv-plot  basis  by  the  user.  Plots  include  cage  angular  velocity 
relative  to  the  non-slip  condition,  roller  circumferential  displacement  within  the  cage  pocket, 
roller  orbital  velocity  relative  to  the  non-slip  condition,  roller  circumferential  forces,  and  roller 
skew  angle. 

Another  significant  improvement  was  made  concerning  the  reorganization  of  the  data  base 
generated  by  the  program.  It  has  been  estimated  that,  due  to  the  increasing  size  and  complexity 
of  the  program,  two  million  bytes  of  computer  core  storage  would  be  required  to  analyze  a typical 
bearing  with  thirty  rollers.  Since  overall  computer  system  efficiency  is  increased  when  core 
requirements  are  reduced,  an  effort  was  made  to  improve  the  program’s  data  processing 
procedures.  By  removing  from  core  those  data  that  specifically  pertain  to  output  printing  and 
plotting  and  holding  them  on  a separate  storage  disk,  the  program  is  now  capable  of  analyzing  a 
hearing  with  thirty  roller  elements  using  only  one  half  the  storage  previously  needed. 

The  first  coupled  system  dynamics  case  chosen  to  tesl  SYSDYN  was  run  successfully.  This 
mode!  case  corresponded  to  a non-preloudcd  roller  hearing  and  employed  four  equally  spaced 
rollers.  Using  four  rollers  instead  of  a full  complement  allows  computer  run  times  to  he  minimized 
for  the  test  case. 

The  system  was  constrained  to  operate  with  two-dimensional  motion  and  was  subjected  to 
an  externally  applied  radial  load  of  1 5(H)  lb  a*  3 MDN.  The  test  case,  which  was  run  for  f>0 
milliseconds  of  real  time,  encompassed  St  complete  roller  orb.it s or  the  equivalent  of  SI  complete 
rotations  of  the  cage.  The  total  CPU  time  required  for  running  this  ease  was  approximately 
2 minutes. 
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Ono  of  tlu>  output  items  from  .Ins  tost  case  identifies  the  effects  of  Jlu;  roller  inter., cl.jm 
forces  on  the  cage  motion  during  transient  motion  of  the  system  which  is  diagramalua  \ 
represented  in  Figure  20.  For  comparative  purposes.  Future '21  shows  the  motion  "the  cage  under 
similar  conditions,  hut  uncoupled  from  the  effects  of  the  rollers,  obtained  from  a ( AI  N N run  for 
the  same  rage  used  in  the  subject  SVSDYN  test  case.  The  influence  of  the  four  rollers  on  he 
displacement  of  the  cage  is  manifested  as  a more  random  motion  of  cage  center  o gra\  i > 
i he  clearance  circle.  Note  that  sinee  the  cage  C.d.  stays  within  the  clearance  cr.lc,  roller 
interactions  were  not  sufficiently  severe  to  cause  the  cage  hore  to  contact  the  inner  ring  Ian*  s. 
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figure  20,  2-D  SYSDYN  Shows  No  Cafie  Land  Contact  When  Rollers  Interact  With  Cane 
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Figure  21.  CAI1YN  Shows  Motion  of  Cage  Unaffected  by  Rollers 


Figure  22  shows  the  force  history  for  a typical  roller  ns  a function  of  time.  The  traction  and 
cage  web  hydrodynamic  forces  are  seen  to  he  a maximum  as  the  roller  passes  through  the  load 
zone  as  might  be  expected.  Although  no  actual  roller/cage  metallic  impacts  occurred  during  the 
run.  as  shown  in  Figure  23,  the  cyclical  nature  of  the  circumferential  roller  motion  within  the  cage 
pocket  is  quite  evident.  While  no  definite  conclusions  can  be  drawn  from  the  results  of  this  tost 
case  due  to  its  simplicity,  it  is  felt  that  the  general  trends  predicted  by  SYSDYN  nre  compatible 
with  the  physically  reasonable  dynamic  behavior  of  a real  hearing. 
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Figure  23.  Hydrodynamic  Forces  Are  Sufficient  To  Prevent  Roller/Cage  Contact  for  2-D  Motion 


5.  FUTURE  WORK 

'Vork  during  the  next  interim  report  inn  lH'riod  will  focus  mi  tin*  following  ureas: 
I.  Continued  refinement  of  analytical  models 

'l.  Continued  analytical  verification  of  SYSDYN  module  in  the  :l-l)  mode 
:l.  Continued  T'KIBO  I correlation  with  test  data 
■I,  Preparation  of  design  manual. 


6.  PARAMETRIC  AND  VERIFICATION  TESTING  — TASK  II 


6.1.  Summary  of  Previous  Progress 

The  experimental  progress  made  underTnsk  11  of  the  Contract  for  the  period  1 October  15)75 
to  1 April  1977  is  described  in  detail  in  Reference  8.  For  the  snke  of  completeness  a summary  of 
the  work  accomplished  under  Task  II  during  that  period  is  presented  here. 

6.1. >  Paiamatar  Selection  and  Baarlng  Oailgn 

A total  of  110  separate  variables  that  can  influence  roller  skew  and  skid  were  identified. 
These  variables  were  then  divided  into  three  categories.  Category  1 included  14  variables 
considered  to  have  the  greatest  direct  influence  on  roller  end  wenr.  Category  II  was  com|)osed  of 
eight  variables  considered  to  have  less  direct  impact  on  roller  wear,  and  Category  III  was 
composed  of  eight  variables  judged  to  have  the  least  direct  effect.  Two  groups  of  bearings  were 
designed  in  order  to  evaluate  some  of  the  roller  bearing  variables  from  Categories  I and  II  using 
statistical  design  experiment  techniques. 

The  basic  roller  bearing  selected  for  the  design  of  the  parametric  hearings  is  shown  in 
Figure  24.  This  bearing  has  a bore  diameter  of  124.11  mm  and  is  used  in  the  No.  5 position  of  the 
TF30  model  production  engine. 

The  first  group  of  bearings,  designated  as  Group-N.  were  designed  for  evaluation  under 
Task  II.  Might  designs  were  prepared  incorporating  seven  parameters  selected  from  Category  I. 
IVo  levels  of  variations  were  selected  for  each  parameter.  The  parameters  selected  for  test  and 
the  actual  levels  of  variation  for  each  of  the  hearing  designs  are  shown  in  Figure  25.  A total  of  10 
hearings  were  manufactured  for  test,  one  each  of  the  eight  designs  and  duplicates  of  No.'s  7 ami 
8 to  provide  hardware  for  repeat  testing. 

The  second  group  of  henrings,  designated  as  Group-AF,  were  designed  for  evaluation  under 
Task  VI,  Five  test  bearings  were  designed.  Figure  20.  incorporating  four  parameters  selected  from 
Category  II.  As  with  the  Group-N  hearing  designs,  two  levels  of  variation  were  selected  for  each 
parameter.  The  actual  levels  of  the  parameter  variation  are  presented  in  Figure  2(1.  A total  of  six 
Group-AF  bearings  were  procured,  one  each  of  the  five  designs  and  a duplicate  of  bearing  No,  22 
for  repeat  testing. 

6.1.2  Preteat  Intpactlon  and  Preparation 

For  each  of  the  Group-N  and  Group-AF  bearings,  detailed  dimensional  measurements  of  the 
hearing  components  were  made  and  recorded  by  the  manufacturer.  This  was  done  to  ensure  tight 
quality  control  as  would  he  required  by  any  statistically  planned  program  and  to  provide 
reference  data  useful  to  the  post -test  analysis  of  the  experimental  results.  A summary  of  these 
inspection  results  is  provided  in  Tables  :l  and  4 with  the  average  measurements  shown  where 
possible. 

Following  this  inspection  work  the  Group-N  bearings  were  prepared  for  test . Knch  outer  ring 
was  instrumented  with  a strain  gage  to  permit  measurement  of  roller  pass  frequency  during 
dynamic  testing  in  order  to  determine  whether  or  not  the  roller  elements  were  skidding.  Also,  the 
end  faces  of  every  other  roller  element  were  copper  flashed  for  the  purpose  of  highlighting  any  end 
wear  that  may  occur  during  testing.  In  addition,  each  roller  was  weighed  and  measured  for  static 
skew  angle  of  turn  allowed  by  the  combination  of  end  clearance  and  the  inner  ring  guide  flange 
geometry.  Repeating  the  weighing  after  test  permits  a determination  of  the  amount  of  roller  mass 
loss  attributable  to  end  wenr.  Repeating  the  skew  angle  measurement  after  test  permits  an 
assessment  of  the  combined  effect  of  the  wear  of  both  the  roller  and  (he  guide  flanges.  The  pretest 
roller  weight  and  static  skew  angle  measurements  for  the  Group-N  hearings  are  found  in  Table  5. 
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re  25.  Group-N  Bearings,  Are  Designed  To  Evaluate  Two  Levels  of  Each  Parametric 
Variable 


Figure  26.  Group-AF  Bearings  Are  Designed  To  Evaluate  Two  Levels  of  Each 
Parametric  Variable 


TABLE  3.  GROUP-N  BEARIN' G S - M ANU F ACTURIN G INSPECTION  DATA 
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TABLE  4.  GROUP-AP  BKARINGS-MANUFACTURING  INSPECTION  DATA 


/fearing  Number 

H/l. 

21 

22 

23 

24 

2 5 

26 

Rearing  Assembly 

('ago  (’learn nee,  in. 

0.0170 

0.0172 

0.0172 

0.0170 

0.0182 

0.0173 

0.0167 

Roller  Kml  Clearance.  in. 

0.0012 

0.0010 

0.0095 

0.00105 

0.00105 

0.0012 

0.00)15 

Internal  Radial  Clearance  (Unmounted),  in. 

0.0040 

0.0041 

0.0040 

0.0046 

0.0041 

0.0044 

0.0042 

Rol!»n 

length,  in. 

0.01 175 

0.01008 

0.51194 

0.51187 

0.51194 

0.51067 

0.51196 

Diameter,  in. 

0.01166 

0.51089 

0.01182 

0.51183 

0.51187 

0.51085 

0.51181 

Surfer*  Finiah  (AA),  pin. 

— 

2.75 

2.25 

2.25 

2.25 

3.0 

2.25 

Corner  Radius  R.O.,  in. 

0.00 1 

0,000170 

0.0002 

0.000175 

0.000190  0.000175  0.0002 

Crown  Radius,  in. 

24 

30 

30 

30 

30 

30 

30 

Cylinder  Length,  in. 

0.209 

0.2666 

0.335 

0.3355 

0.327 

0.276 

0.326 

Cylinder  Flatnesa,  pin. 

— 

24 

22 

24 

18 

27 

22 

Cylinder  Off-Set,  in. 

0.010 

0.004 

0.00R 

0.007 

0.0055 

0.1)10 

0.0045 

Crown  Profile  R.O..  pin. 

— 

— 

— 

— 

... 

End  Squareness,  pin. 

120 

70 

75 

70 

75 

80 

75 

Crown  Drop.  in. 

0.00085 

0.00007 

0.00018 

0.00020 

0.00015 

0.0005 

0.00020 

Hardneaa  (R,.) 

60  min 

61.5 

83.0 

63.5 

63.5 

61.6 

62.5 

Outer  Ring 

01)  Max,  in. 

0.7061 

6.7508 

0.7558 

0.7558 

0.7502 

6.7566 

6.76(52 

OD  Min.  in. 

0.7360 

5.7303 

0.7353 

0.7349 

0.7353 

6.7354 

6.7353 

01)  Avg.  in. 

6.7400 

6.7456 

6.7466 

6.745'! 

6.7458 

6.7460 

6.7458 

ID,  in. 

0.4240 

6.4245 

6.4249 

6.4247 

6.4247 

6.4247 

6.4248 

Eccentricity,  pin. 

26 

25 

38 

10 

18 

25 

18 

li)  Flat  tress,  pin 

16 

19.5 

24 

12 

26 

6 

30 

Surface  Finish  (AA),  pin. 

4.0 

3.5 

4.0 

4.0 

40 

3.0 

4.B 

Hardneaa  (Rj 

62.0 

63.6 

63.0 

03.0 

63.0 

63.0 

63.0 

Inner  Ring 

Ho tt  Diameter 

4.8930 

4 8937 

4.8937 

4.8937 

4.8937 

4.8930 

4.8937 

01)  Overall,  in. 

0.0773 

5.6769 

5.0773 

5.0772 

5.0773 

5.0773 

5.0773 

01)  Roller  Path.  in. 

6.3960 

0.3981 

5.3900 

5.3957 

5.3962 

5.3980 

5.3963 

Roller  Path  Eccentricity,  pin. 

18 

18 

18 

20 

20 

18 

18 

Roller  Path  Taper,  deg-min 

00 

0-0 

(>•<> 

0-0 

0-0 

0-0 

()•() 

(•uide  Flange  Angle,  deg-min 

00 

0-7.16 

0-50.4 

0-65.6 

0-0.01 

0-52.3 

0-49.2 

(Juide  Flange  Finish  (AA),  pin. 

4.9 

3.5 

6.5 

7.0 

7.0 

8.9 

0.5 

Roller  Path  Finish  (AA),  pin. 

3.0 

3.5 

2.5 

;u> 

3.0 

3.5 

3.5 

Hardness  (R,) 

63.0 

04.0 

62.0 

02.0 

62.5 

63.0 

63.0 

Cage 

ID.  in. 

0.0977 

5.6970 

5.0974 

5.0966 

5.6985 

6.6976 

5.6971 

Pocket  Squarenesa,  pin. 

400 

380 

110 

330 

150 

510 

410 

Pocket  Parallelism,  in. 

0.001 1 

0.001 

0.0019 

0.0013 

0.0013 

0.0013 

0.0021 

Unbalance,  gram-centimeter 

1.32 

2.29 

1.28 

1.20 

1 .36 

2.40 

1 .20 

HardneBS  (R,) 

33.0 

33.0 

33.0 

33.1) 

34.0 

33.0 

33.0 

TABLE  5.  GROUP  N BEARINGS  — PRETEST 
WEAR  RELATED  MEASUREMENTS 


flooring  . 

Ai'n  Holler  Wright 
t(lrams) 

/log  Skew  Angle 
(Minutes) 

No 

l ' nflashed 

Flashed 

( ’nflashed 

Flushed 

Hiiseliiie 

t 

13.2457 

13.3875 

13.2474 

14.94 

1 5,25* 

2 

1.7.2918 

13.2924 

1 1 .95 

11  79 

3 

13.24)7 

13  2377 

14  19 

14.19 

4 

13.2755 

13.2736 

13.71 

13  02 

5 

13.2708 

13.2788 

13.13 

13.76 

6 

13.2411 

13  2421 

14  98 

14.22 

7 

13.2806 

13.2853 

10.87 

10  87 

8 

13.2146 

13.2480 

14.47 

14.59 

!) 

1.7  2999 

17  90 

\:\  Hfi 

10 

13.3340 

13  3317 

16.10 

1 4 78 
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Other  pre  test  work  included  in-house  inspection  measurements  which  were  made  and 
recorded  during  the  process  of  installing  each  of  the  bearings  in  the  test  rig.  These  measurements 
included  the  fits  of  both  the  inner  ring  on  the  shaft  and  the  outer  ring  in  the  support  housing,  the 
installed  internal  radial  clearance  of  the  test  bearing,  and  the  axial  misalignment  of  the  installed 
outer  ring, 

6 .1.3  Experimental  Program  Plan 

A 10-hour  test  program  to  be  followed  during  the  rig  evaluation  of  each  of  the  parametric 
hearings  was  prepared.  The  program,  see  Table  6,  was  designed  to  generate  both  calibration  and 
endurance  test  data  for  each  of  the  statistically  designed  bearings  At  the  completion  of  each  10- 
hour  test,  the  experimental  data  is  reduced  in  order  to  obtain  the  following  bearing  performance 
parameters: 


• Heat  generation 

• Horsepower  and  torque 

• Roller  skid 

• Inner  and  outer  ring  thermal  stability 

• Outer  to  inner  ring  thermal  gradient 

• Axial  and  circumferential  thermal  gradients 


TABLE  6.  CALIBRATION  AND  ENDURANCE  TEST  PROGRAM 


Under 

Race 

Supply  Oil  Flow 
(It/min) 

Each  Side 

Jef  Total 

*F 

Applied 

Bearing 

Load. 

(lb) 

Bearing  DN/Test  Point  No. 

Teat 

(hr) 

1.0  2.0  2.5  2.75  2.9 

3.0 

Calibration 

250 

1 4 7 !0  !3 

16 

10 

ft 

20 

225 

500 

2 5 8 11  14 

17 

3 

1000 

3 (5  9 12  15 

18 

s 

4 

13 

225 

500 

19  20  21  22  23 

24 

1 

11 

9 

29 

27ft 

500 

25  26  27  28  29 

30 

1 

Steady  State  Endurance 

Grnup-N 

ft  or  1 1 

4 or  9 

13  or  29 

22ft 

500 

Endurance  at  3 MDN 

4 

Group- AK 

to 

ft 

20 

Cyclic  Speed 

Group-  N 

ft  or  1 1 

4 or  9 

13  or  29  225 

250 

2.0  *=  2.75  MDN  Accels-Deccls 

1 

Group- AF 

10 

5 

20 

*Two  jets,  one  directed  at 

cuch  side  of  bearing. 

In  addition,  each  roller  element  is  weighed  and  also  measured  for  the  static  angle  of  turn 
that  is  allowed  within  the  inner  ring  guide  flanges.  Using  the  pretest  and  post-test  measurements, 
roller  wear  as  determined  by  weight  loss,  and  roller  and  guide  flange  wear  as  determined  by 
change  in  static  skew  angle  is  determined.  Using  statistical  regression  analysis  techniques,  the 
hearing  parameters  within  each  group  of  bearings  is  then  ranked  on  the  basis  of  roller  element 
wear. 

6.1.4  Baseline  Bearing  Test 

Baseline  experimental  data  was  obtained  on  a 124,3  mm  bearing  which  was  similar  to  the 
TF-30  No.  5 position  design  for  comparative  use  when  analyzing  the  parametric  test  results.  The 
bearing  was  rig  evaluated  in  accordance  with  the  10-hour  parametric  test  program  as  outlined  in 
Table  8.  A detailed  tabulation  of  the  pretest,  test  and  post-test  inspection  results  are  presented 
in  Reference  8. 
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6.1.5  Group-N  Bearing  Tests 


As  previously  reported,  parametric  testing  was  completed  on  lour  of  the  ten  Group-N 
bearings.  The  hearings  tested  are  those  identified  in  Figure  25  as  No’s.  7,  9.  (i  and  2.  Stable 
operation  was  noted  on  each  hearing  except  No.  (5  which  failed  during  the  calibration  portion  of 
the  10-hour  program.  A wide  range  of  wear  was  observed  during  the  testing  of  these  four  hearings. 
In  general,  similar  thermal  and  power  consumption  results  were  obtained  lor  each  bearing. 
Although  bearing  No.  6 failed  after  only  1.58  hours  of  test  and  exhibited  heavy  eccentric  roller  end 
wear,  the  performance  curves  revealed  no  unusual  thermal  behavior.  Bearing  No.  (>,  which  was 
the  only  unpreloaded  bearing  tested  in  this  group,  exhibited  continuous  skidding  over  the  speed 
range  of  1.0  MI)N  and  no  skidding  at  the  2.75  MDN  level.  No  significant  element  skidding  was 
apparent  for  either  of  the  other  three  preloaded  bearings  or  the  preloaded  baseline  design.  As 
shown  in  Figure  25,  bearing  No.  6 was  the  only  bearing  of  the  group  tested  that  contained  n Her 
elements  with  a high  level  of  coupled  roller  end  radius  runout . This  coupled  runout  is  tantamount 
to  roller  dynamic  unbalance  which  is  a prime  cause  of  roller  skewing.  In  the  case  of  bearing  No. 
6,  the  skewing  resulted  in  roller  end  wear  of  such  an  extent  that  n number  of  the  rollers  turned 
90°  in  the  raceway  and  resulted  in  the  cage  fracturing  into  several  pieces. 

6.2  Group-N  Bearing  Parametric  Testa 

During  the  current  reporting  period,  testing  was  completed  on  five  of  the  remaining  six 
Group-N  parametric  bearings.  The  bearings  tested  were  those  identified  in  Figure  25  ns  No’s.  4, 
5,  1,  3,  and  8.  Stable  operation  was  observed  with  hearings  No’s.  4 and  5.  The  remaining  bearings 
failed  during  the  calibration  phase  of  the  10-hour  program.  As  in  the  case  of  bearing  No.  6 which 
had  failed  previously,  bearings  No’s.  1,  3,  and  8 also  contained  rollers  with  a high  level  of  coupled 
roller  end  radius  runout  or  unbalance  as  noted  in  Figure  25.  Bearing  No.  10,  the  remaining 
bearing  from  Group-N  will  be  tested  at  a later  date  but  not  before  the  rollers  are  replaced.  This 
repeat  bearing,  similar  in  design  to  beuring  No.  8 which  is  one  of  those  that  failed  in  previous 
testing,  presently  contains  roller  elements  with  a high  level  of  corner  radius  runout.  Thus,  a 
failure  of  similar  severity  would  be  expected  to  occur  if  this  bearing  were  tested  as  is.  Such  a test 
is  considered  to  he  of  little  value  to  this  program.  As  a result,  bearing  No.  10  is  now  being  re  fitted 
with  a nyw  set  of  rollers  that  contain  a minimum  level  of  corner  radius  runout  . This  roller  set  will 
also  feature  a tighter  tolerance  on  flat  centrality  which,  when  tested,  will  provide  end  wear  data 
that  will  allow  separation  of  the  effects  of  this  parameter  from  that  of  roller  end  radius  runout. 

6 .2.1  Preteat  Inapectlon  end  Preparation 

Detailed  dimensional  measurements  of  the  five  Group-N  bearings  tested  during  this  report 
period  are  provided  in  'I'able  3.  In  addition,  the  pretest  roller  weight  and  static  skew  angle 
measurements  are  shown  in  Table  5,  Preparation  of  the  bearings  for  test,  including  the  strain 
gauging  of  the  outer  rings  in  order  to  provide  roller  pass  frequency  measurements  and  t he  copper 
flashing  of  alternate  rollers  for  the  purpose  of  highlighting  end  wear,  was  completed  earlier  ns 
reported  in  Reference  8,  Inspection  measurements  were  made  and  recorded  during  installation  of 
the  parametric  hearings  into  the  test  rig.  These  measurements  included  the  fits  of  the  inner  ring 
on  the  shaft  and  the  outer  ring  in  the  support  housing,  the  installed  internal  radial  clearance  of 
the  test  bearing  and  the  axial  misalignment  of  the  installed  outer  ring. 

The  measurements  recorded  for  the  five  Group-N  bearings  that  were  tested  during  this 
report  period  are  shown  in  Fable  7. 


TABLE  7.  GROUP-N  BEARINGS  PRETEST  RIG  RELATED  IN 
SPEC "I  ION  M EASUREMENTS 


Inner  Kmc/SImlt  Kit,  in. 

Imi<ri>!il  Hmliiil  Institut'd,  in. 

(tutor  Hitti’/llonsiiii;  Kit.  in 
(tutor  Hino  Misitlionmoitt.  don 


llearint!  Numbers 


i 5 i :i 


0.00121'  0,001  ST  0.00127'  0.00121'  0.0012T 

o.oo2(>  0.00:19  0.00:17  o.oooi  o.(Ht:i!i 

O.OiKHil.  0,000(51 , 0.00001.  OIKKIM.  0.00091. 

0.487  0 0 0.487  0.487 


6.2.2  exparlmantal  evaluation  of  Soaring  No.  4 

The  first  Group- N bearing  tested  was  bearing  No.  4 and,  as  shown  in  Figure  25,  this  design 
was  not  preloaded.  At  assembly  the  outer  ring  axial  misalignment  was  adjusted  to  0.487  degrees. 
Testing  proceeded  following  the  program  outlined  in  Table  6.  Roller  pass  frequency  meas- 
urements indicated  that  roller  skid  was  occurring  in  the  speed  range  of  1 .0  to  2.5  MDN.  At  speeds 
of  2.75  MDN  and  higher,  the  rollers  did  not  skid,  ns  indicated  by  the  frequency  measurements. 
The  magnitude  of  the  skid,  see  Figure  27,  was  the  greatest  at  2.0  MDN,  with  the  maximum 
amount  of  skidding  occurring  at  the  lowest  applied  radial  load.  Alter  completing  the  calibration 
portion  of  the  program,  the  test  was  interrupted  to  inspect  the  bearing.  Each  roller  was  found  to 
exhibit  some  light  concentric  wear  on  both  ends,  but  no  eccentric  wear  was  in  evidence.  No  skid 
damage  to  the  bearing  components  was  visible.  The  rollers  were  then  weighed  and  their  static 
skew  angles  measured.  There  was  no  significant  change  in  the  weight  or  skew  angles  based  on  pre- 
test measurements.  The  bearing  was  reinstalled  in  the  rig  and  the  steady  state  endurance  and 
cyclic  portions  of  the  program  were  completed.  Total  oil  flow  to  the  bearing  was  metered  at  25.6 
tfc/min.  during  the  endurance  testing. 
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Figure  27.  Test  of  Group-N  Bearing  No.  4 Shows  Increased  Skid  as  Load  Is 
Decreased  but  With  No  Skid  at  Any  Load  Beyond  2.75  MDN 


Stable  operation  was  noted  throughout  the  steady  state  endurance  testing.  Post-test 
inspection  revealed  all  of  the  bearing  components  to  be  in  good  condition  as  shown  in  Figure  28. 
No  distress  or  unusual  wear  of  the  components  was  noted.  All  of  the  rollers  were  found  to  be  free 
of  eccentric  wear.  However,  they  did  exhibit  the  same  light  concentric  rubbing  patterns  on  both 
ends  as  was  noied  previously  after  the  first  5 hours  of  calibration  testing.  Roller  weight 
measurements  indicated  a weight  loss  of  0.002  grants  for  both  the  Unshed  and  unflashed  rollers. 
The  static  skew  angle  increased  an  average  of  0°  1.73'  for  the  Flashed  rollers,  and  an  average  of  0° 
1.1J7'  for  the  un flashed  rollers. 

6.2.3  experimental  Evaluation  of  Bearing  No.  5 

The  next  hearing  tested  was  No.  ft.  As  shown  in  Figure  25,  this  design  did  not  provide  for 
roller  element  prelonding  but  did  feature  a high  level  of  inner  raceway  axial  taper.  The  bearing 
was  installed  in  the  test  rig  with  zero  outer  ring  misalignment,  and  completed  the  10-hour 
program  without  interruption.  Roller  pass  frequency  measurements  indicated  that  roller  skid  was 
occurring  in  the  speed  range  of  1.0  to  2.5  MDN,  as  was  also  noted  with  bearing  No.  4.  Again,  roller 
skidding  was  absent  at  speeds  of  2.75  MDN  or  above.  The  skid  map.  Figure  29,  shows  the 
magnitude  of  skid  again  to  be  greatest  at  2,0  MDN,  with  the  maximum  amount  of  skidding 
occurring  at  the  lowest  applied  load.  Stable  operation  was  noted  throughout  the  steady  stale  and 
cyclic  speed  endurance  testing  which  was  conducted  at  a total  hearing  oil  How  of  12.3  lt>/min. 
Post -test  inspection  revealed  all  of  the  bearing  components  to  be  in  good  condition  as  depicted  in 
Figure  30.  N'o  significant  distress  or  unusual  wear  of  the  components  was  noted.  All  of  the  rollers 
were  free  of  eccentric  end  wear,  however,  they  did  exhibit  light  concentric  wear  on  one  end.  This 
wear  was  most  likely  due  to  the  0°  3.25'  inner  raceway  axial  taper  and  the  reduced  oil  flow  of  12.3 
Ib/min  during  the  steady  state  endurance  testing.  Roller  weight  measurements  indicated  a weight 
loss  of  only  0.000!  grams  for  both  the  Hashed  and  unflnshed  rollers.  The  static  skew  angle- 
increased  an  average  of  0°  1.-10'  for  the  flashed  rollers,  and  an  average  of  0°  1.84'  for  the  unflashecl 
rollers. 


6.2.4  Experimental  Evaluation  of  Bearing  No.  1 

The  next  bearing  design  tested  was  No.  1 . As  shown  in  Figure  25  this  design  is  preloaded  and 
Table  3 indicates  that  the  maximum  coupled  roller  end  radius  runout  was  determined  to  be  an 
average  0.0037  inch.  The  bearing  was  installed  in  the  rig  without  outer  ring  misaligment  and 
testing  was  initiated  in  accordance  with  the  10-hour  parametric  program.  Bearing  performance 
was  stable  from  the  onset,  but  while  running  at  point  No.  9.  2.5  MDN  and  1000  !b  radial  load,  the 
bearing  failed  without  warning.  Total  test  time  at  failure  was  only  1.43  hours.  During  removal  of 
the  bearing  from  tbe  test  rig  it  was  noted  that  the  cage  sidernils  were  broken  at  one  of  the  roller 
packets.  Phis  allowed  the  sidernils  to  flare  out  locally  causing  a groove  to  be  machined  into  the 
outer  raceway.  Also,  severe  eccentric  wear  was  noted  on  all  of  the  roller  ends.  A photograph  of  the 
cage  failure  and  several  of  the  worn  rollers  is  shown  in  Figure  31.  Post-test  measurements 
indicated  the  average  weight  loss  of  all  rollers  to  be  0.0349  grams  with  the  roller  static  skew  angle 
increasing  an  average  of  1°  13.59 . 

6.2.5  Experimental  Evaluation  of  Bearing  No.  3 

The  fourth-Group-N  bearing  tested  was  bearing  No.  3.  As  shown  in  Figure  25.  this  design 
did  not  provide  for  roller  preloading,  but  did  include  a high  level  of  inner  raceway  axial  taper.  The 
average  coupled  roller  end  radius  runout  was  determined  to  be  0.00335  inch,  see  Table  3.  At  rig 
assembly,  the  outer  ring  was  installed  with  the  axial  misalignment  adjusted  to  an  angle  of  0.487". 
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Testing  wan  initialed  in  accordance  with  t he  standard  10-liour  program.  From  the  onset,  roller 
pans  frequency  measurements  indicated  that  roller  skid  was  occurring  over  the  speed  range  of  1 .0 
to  2.5  MDN,  a«  was  also  the  ease  for  the  previously  tested  hearings  No.  4 and  5.  No  skidding 
occurred  at  9|>eods  of  2.75  MDN  and  above  which  had  also  been  observed  for  hearings  No.  4 and 
5.  The  magnitude  of  skid  was  again  seen  to  he  the  greatest  at  2.0  MDN,  with  the  maximum 
amount  of  skidding  occurring  with  the  lowest  load.  After  completing  point  No.  0 in  the  schedule, 
the  test  was  interrupted  for  inspection  of  the  bearing.  Total  teat  time  at  this  point  was  only  J.5 
hours.  Crescent  or  eccentric  end  wear  was  evident  on  both  ends  of  all  rollers  as  typified  by  the  two 
rollers  shown  in  Figure  32.  The  bearing  was  reinstalled  in  the  rig  and  the  test  program  was 
continued  from  point  No.  10.  While  running  at  2.5  MDN,  point  No.  21,  the  bearing  failed  without 
warning.  The  total  test  time  at  failure  was  3.63  hours.  During  removal  of  the  bearing  from  the  rig 
it  was  noted  that  the  cage  siderails  were  broken  and  a section  of  one  rail  was  separated  from  the 
remainder  of  the  cage  as  shown  in  Figure  33.  Eccentric  end  wear  had  progressed  to  the  point 
where  many  of  the  rollers  exhibited  conical  end  shapes.  Post-test  measurements  showed  the 
average  roller  weight  loss  to  be  0,0207  grams  and  the  roller  static  skew  angle  increase  to  be  an 
average  of  1°  7.5'. 

8.2.6  Exparlnwntal  evaluation  of  Baarlng  No.  6 

The  last  Group-N  bearing  design  tested  was  bearing  No.  8 which  is  described  in  Figure  2ft. 
This  design  included  roller  preloading  and  a high  level  of  inner  raceway  axial  taper.  From  Table 
3 it  chh  be  seen  that  the  coupled  roller  end  radius  runout  for  this  hearing  averaged  0.0037  inch. 
Bearing  No.  8 was  installed  in  the  rig  with  the  outer  ring  axially  misaligned  0.478°.  Testing 
followed  the  program  outlined  in  'Fable  0 with  stable  performsnee  observed  throughout  the  first 
18  test  points.  After  completing  point  No.  18,  at  which  time  3,0  hours  of  testing  were  completed, 
the  test  bearing  was  removed  from  the  rig  for  inspection  os  planned.  As  shown  in  Figure  34  it  was 
discovered  that  a cage  section  had  broken  and  separated  from  the  remainder  of  the  cage  as  a 
result  of  roller  skewing.  All  rollers  showed  severe  end  wear,  with  the  heaviest  wear  exhibited  on 
the  roller  located  in  the  pocket  with  the  failed  cross  piece.  Post-test  measurements  showed  tire 
average  roller  weight  loss  to  be  0.0233  grams  while  roller  static  skew  angle  was  shown  »>  have 
increased  an  average  of  1°  26.1 . 

6.3  Summary  of  Group-N  Boorlnp  Toots 

A summary  of  the  wear  results  obtained  on  the  Group-N  bearings  tested  thus  far  is  shown 
in  'Fable  8.  The  average  values  of  both  roller  weight  loss  and  static  skew  atrgle  change  for  both  the 
flashed  and  unflashed  rollers  are  presented  for  each  hearing. 

Of  the  five  bearings  tested  during  this  rejwrt  period,  three  of  the  hearing-,  No.’s  3,  4 and  ft. 
were  designed  without  roller  preload,  as  shown  in  Figure  26.  Each  of  these  bearings  exhibited 
roller  skid  in  the  speed  range  of  1.0  to  2.5  MDN.  however,  no  skidding  was  noted  in  the  speed 
range  of  2.76  to  3.0  MDN.  No  distress  or  damage  was  observed  from  the  operation  of  these 
bearings  under  skidding  conditions. 

Of  the  eight  Group-N  bearing  designs  tested,  four  contained  rollers  with  a high  level  of 
coupled  roller  end  radius  runout  or  roller  unbalance.  The  four  hearings.  No’s.  1,  3.  6 and  8,  each 
experienced  a cage  failure  which  was  judged  to  he  the  result  of  high  roller  skewing  forces  , rented 
by  the  unbalanced  rollers.  The  four  bearings  that  were  designed  with  rollers  having  a low  Wei  of 
coupled  corner  radius  runout  successfully  completed  the  10-hour  parametric  program  with  a 
minimum  of  roller  weight  loss  and  static  skew  angle  change. 


60 


TARLK8.  ROLLER  WEIGHT  AND  SKEW  ANCLE  WEAR  DATA  FOR  GROHP-N 
BEARINGS 


Hearing  So 

.triTiige 

Weight  1.  ii 

vs.  drams 

Average  Skew  Angle  In 

crease 

Remarks 

Flashed 

( 'nf lashed 

All  Hollers 

Flashed 

Unflashed 

All  Rollers 

Baseline 

O.IKKM 

0.0004 

1 

00:149 

0.0289 

0.084!) 

1 dog 

1M.I4  min. 

\ (ioj*  10.74  min. 

1 dog 

t:l.5<>  min. 

Fni  led 

■> 

0.0001 

0,0001 

0.0001 

0 deg 

1 .(H)  min. 

0 dog  1. .12  min. 

0 dog 

1.20  min. 

0.0355 

O.OIHO 

0.0207 

1 dog 

16.53  min 

0 nog  58.38  min. 

1 dog 

7.46  min. 

Failed 

4 

0,0002 

0.0002 

0.0002 

0 <lcg 

1.70  min. 

0 deg  ! .(57  min. 

0 dog 

1.70  min. 

0.0001 

0 1)001 

0.0001 

0 deg 

1.10  min. 

0 dog  1.84  min. 

0 dog 

1.62  min. 

(> 

Idle 

1 .7532 

1 .68.18 

Failod 

*• 

0.0005 

0 

o.oooa 

0 dog 

0.S1H  min. 

O dog  1.58  min. 

0 dog 

1.26  min. 

s 

0.0SM7 

0.0178 

0.02:1:1 

1 dog 

29.87  min. 

1 dog  20.38  min. 

1 dog 

25.12  min. 

Failed 

0.0010 

0.004 

0.0007 

0 deg 

2.04  min. 

0 dog  t. 55  min. 

0 deg 

1.79  min. 

6.4  Statistical  Analysis  of  Group-N  Wear  Results 

The  statistical  analysis  of  the  Group-N  test  data  was  completed  lor  the  purpose  of 
determining  die  effects  of  both  the  changes  in  certain  hearing  geometry  factors  and  certain 
tolerances  on  bearing  wear,  life,  roller  weight  loss,  and  roller  skew  angle  change.  Regression  and 
correlation  analysis  of  the  results  were  utilized  to  rank  the  important  bearing  parameters 
affecting  each  output  response,  Toe  Group-N  testing  included  the  evaluation  of  seven 
independent  bearing  variables  which  are  identified  as  follows: 

• VAR  1 — Preload 

• VAR  2 — Roller  corner  radius  runout 

«*  VAR  3 — Roller  end  circular  runout 

• VAR  4 — Inner  raceway  taper 

• VAR  f>  — Roller  flat  offset 

• VAR  (>  — Outer  Ring  Angular  Misalignment 

• VAR  7 — Lubrication 

The  above  factors  were  considered  the  controlled  variables  of  the  test  program  and  were 
varied  as  shown  in  Figure  25.  Two  levels  for  each  variable  were  preselected  and  represent  the 
range  of  possible  extremes  expected  or  allowed  by  the  manufacturing  or  design  process  A total 
of  eight  hearing  designs  containing  the  seven  controlled  variables  were  defined  which  would  allow 
the  linear  contribution  of  each  variable  on  bearing  life  to  he  examined  statistically. 

The  main  parameters  affecting  roller  hearing  life  in  this  program  are  considered  to  he 
average  roller  weight  loss  and  static  skew  angle  change  per  hour  of  testing.  Therefore,  these  two 
variables,  considered  as  dependent  in  the  statistical  analysis  of  the  test  data,  are  expressed  as 
follows: 


Y,.  In 

l Average  Weight  Change  ^ 

V Test  Hours  ) 

Y„  In 

( Average  Skew  Angle  Change 
\ Test  Hours 

The  natural  logarithm  (In)  of  the  outputs.  Y,  and  Y,.  was  used  in  order  to  reduce  the  impact 
of  extreme  data  points  on  the  results  of  the  analysis.  Multiple  regression  equations  were 
developed  from  the  data  by  the  method  of  least  squares.  Each  equation  yields  the  mean  value  of 
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one  of  the  dependent  variables.  The  equations  therefore  yield  expected  performance  of  a roller 
bearing  under  stated  conditions.  Prior  to  the  development  of  the  actual  regression  equations,  a 
mathematical  model  was  in  each  instance  formulated  relating  the  independent  variables  to  the 
dependent  variable.  The  general  form  of  the  mat  hemat  ical  model  is  a multivariate  polynomial  in 
which  the  coefficients  appear  linearly.  The  terms  in  each  model  are  candidates  for  inclusion  in  the 
fitted  regression  equation. 

The  general  model  takes  the  form: 

Y - b,X0  » b,X,  ...  + bNXN  Ve  - $ + e 

where  Y is  the  observed  value  of  a particular  dependent  variable,  either  Y,  or  Y„  ^ is  the 
corresponding  value  of  the  dependent  variable  computed  from  the  expression  involving  the  X’s 
and  the  b’s,  where  the  X’s  are  the  values  of  the  independent  variables,  the  b’s  are  the  coefficients 
to  be  estimated  from  the  experimental  data,  and  e represents  the  differences  between  observed 
and  computed  values  of  the  dependent  variable  due  to  residual  variation  or  experimental  error  in 
the  observations. 


The  data  set  appropriate  for  each  model  was  computer  analyzed  to  determine  the  values  of 
(lie  regression  coefficients  and  other  relevant  statistics.  The  regression  models  determined  Ibr 
each  dependent  variable,  Y,  and  Y...  are  shown  in  Tables  9 and  10.  l'he  information  presented 
includes: 


• Variable  name 

• COEFFICIENTS:  calculated  values  of  regression  coefficients,  b, 

• FONT'  HAND:  Confidence  Band  calculated  as  a function  oft  Table  value  for 
a given  level  of  confidence.  1),,  and  Sh) 

• STI)  ERR:  Stand  error  coefficient.  S„( 

• T-VALUK:  calculated  t value  which  is  b,/S,v 


TABLE  9.  GROUP  N BEARINGS  — ROLLER  WEIGHT 
CHANGE 


Multivariate  {.invar  Regression 

Coefficient 

Conf  Hand 

Std  Err 

T- Value 

Const  lint 

-6.0350 

Viir  1 

0.40526K-03*/ 

O.73S30HE-O2 

0.I71845K-O2 

0.24 

Vnr  2 

2.2332*/- 

1 16202 

0.260885 

8.27 

Viir  M 

0. 17674K-0I  * / 

0.261200E-OI 

0.606660K-02 

2.01 

Viir  1 

1.0112*7- 

1 11721 

0.250477 

3.90 

Viir  6 

-0.629.1Bl/- 

7.48857 

1.73025 

o.;)6 

Vnr  7 

-■*  0.1  I593E-02  */• 

0.230405 

O.S35127E  01 

0.02 

Percent  Ynnnhilitv  Explained 

97.505  SEE  - 

1.2581 

Correlation 

Met  ween  YOHS  and  YCAI.C  0.0874 

5 NO  T - -1 

1.31 

IVnemti-nt  Variable  is  Y, 

ROLLER  STATIC 


TABLE  10.  (iRODP-N  BEARINGS  — 
SKRW  ANGLE  CHANGE 


Variable 

Cwffieie.it 

Con/  /tom/ 

Std  h'.rr 

T-  Value 

Constant 
Vur  1 

-1.2123 

- o.ntnitoK-oa . / 

o.'.’civmK-iy 

0.007907K  03 

l.ftfi 

Yar  2 

- 1.71  vc  > / 

0.111071 

0.9ft  I730K  Ol 

17.99 

Yar  :l 

0.:tO2K:ilvO2  i / 

0.924M7K-02 

0.2I46I2K-02 

1.41 

Yar  1 

o.iMtu:?  ♦ / 

o.:m.v>i8 

0 9179IUK  01 

2.71 

Yar  ii 

\ .0Ti«8  t / - 

IMiliM  1 

0.01 52CH 

1 72 

Yar  7 

O.IHOSK-OI  • / 

O.tlftOOHIvOl 

0 IH9.HI3K0I 

0(50 

IVrmil  Variability  Kxpluimil  99  IG2  SKK  O.-UftOf, 

('nrroliition  Hetwwn  YOHS  and  YCAI.C  = 0.80731  N = 9 T - 4.31 
0('|U'iulfiil  Vttriublf  is  V, 


'I'lie  T-vnluc  parameter  permits  the  evaluation  of  each  term  in  the  response  regression 
equation  with  the  largest  absolute  value  indicating  that  which  is  the  strongest,  or  most 
important,  bearing  variable  in  the  group.  The  sign  indicates  the  direction  of  the  effect,  i.e.,  a 
positive  sign  signifies  that  an  increase  in  the  magnitude  of  the  controlled  variable  results  in  an 
increase  in  roller  weight  loss  and/or  skew  angle  change,  whereas  a negative  sign  means  that  an 
increase  of  the  magnitude  of  the  controlled  variable  results  in  a decrease  in  roller  weight  loss 
and/or  skew  angle  change. 


Other  statistics  of  interest  are  presented  in  Tables  9 and  10  and  are  the  following: 

• PERCENT  VARIABILITY  EXPLAINED,  Ra,  which  is  the  square  of  the 
multiple  correlation  coefficient  R,  is  a measure  of  the  proportion  of  variation 
in  the  dependent  variable  accounted  for  by  the  regression  equation. 


• The  SEE  or  Standard  Error  of  Estimate,  is  the  magnitude  of  the  error  in 
predicting  the  output  parameter. 

• CORRELATION  BETWEEN  Y OBS  AND  Y CAL.  R.  is  an  index 
indicating  the  degree  of  association  between  Y and  Y,  where  a value  of  1.0 
indicates  a perfect  fit,  i.e.,  no  experimental  error,  and  a value  of  0.0  indicates 
no  association,  i.e.,  large  experimental  error. 


• N is  the  sample  size. 

• T is  the  Table  T- value  at  95‘r  confidence  which  is  to  he  exceeded  by  the 
calculated  t-vnlue  in  order  to  define  a statistically  important  factor. 


The  statistical  analysis  of  dependent  variable  1:  that  is,  roller  weight  change,  indicates  that 
the  In  (average  weight  change/test  hours)  is  affected  primarily  by  roller  corner  radius  runout  or 
roller  unbalance,  VAR  2.  As  shown  in  Figure  35,  the  effect  is  positive  as  indicated  by  the  upward 
slope  of  the  curve.  Secondary  effects  are  shown  for  roller  end  circular  runout.  VAR  3,  and/or  roller 
flat  offset.  VAR  .5,  and  inner  raceway  taper.  VAR  4.  These  secondary  effects  are  all  indicated  to 
he  negative.  The  remaining  variables  of  preload,  VAR  1,  outer  ring  angular  misalignment,  VAR 
6,  and  lubrication,  VAR  7,  are  shown  to  have  no  significant  effect  on  roller  weight  change.  Figure 
35  exhibits  the  effect  of  dependent  variable  1 versus  VAR  2.  Figures  36,  37,  and  33  demonstrate 
the  effect  of  VAR  3,  4,  and  ft  respectively,  with  the  effect  of  VAR  2 removed  from  the  data  set. 


Also,  in  Figures  36  and  38  it  can  he  seen  that  VAR’s  3 and  ft  exhibit  the  same  trends.  This 
was  due  to  the  fact  thHt  hearings  No.  2.  3.  6,  7.  and  9 were  all  tested  at  the  low  levels  of  VAR’s 
3 and  and  bearings  No.  1,  4.  ft.  and  8 were  evaluated  at  the  high  level  for  each  variable. 
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Figure  36.  Roller  Weight  Loss  Results  from  an  Increase  in  Roller  Corner  Radius 
Runout 


:.•>  from  a Decrease  in  Roller  End  Squareness 


VAR  4 - INNER  RACE  TAPER  - MINUTES 


The  statistical  analysis  of  dependent  variable  2,  roller  skew  angle  cliaii|;c.  shows  that  the  In 
(average  skew  angle  change/test  hours)  is  affected  only  by  VAH  2.  the  roller  corner  radius  runout, 
with  the  remaining  parameters  front  Group-N  not  significantly  affecting  the  output.  Again,  VAK 
2 demonstrates  a positive  effect  as  shown  in  Figure  lit). 

A summary  of  the  statistically  analyzed  roller  wear  results  and  skew  angle  change  for 
Group-N  is  presented  in  Table  11.  Also  presented  are  the  results  of  seven  additional  bearing 
parameters  evaluated  and  analyzed  in  a similar  manner  in  a separate  Pratt  & Whitney  Aircraft 
program. 

6.5  Group-AF  Bearing  Testa 

Testing  was  also  completed  on  five  of  the  six  parametric  hearings  from  Group-AF  The  live 
designs  tested  are  shown  in  Figure  2(1.  Stable  operation  and  performance  was  observed  with  each 
design  except  for  No.  21  which  experienced  an  inner  ring  fracture.  The  sixth  Group-AF  bearing. 
No.  2fi.  which  is  a repeat  of  hearing  No.  22.  will  he  tested  later  in  the  program. 


6.5. t Pretest  Inspection  and  Preparation 

Detailed  dimensional  measurements  of  the  six  Group-AF  hearings  were  taken  and  the 
results  are  provided  iu  Table  I.  The  pretest  roller  weight  and  static  skew  angle  measurements  are 
shown  in  Table  12. 

In-house  inspection  measurements  were  made  and  recorded  during  the  process  ol  installing 
the  hearings  in  the  test  rig.  These  measurements  included;  the  fits  of  both  the  inner  ring  on  the 
shaft,  the  outer  ring  in  the  support  housing  and  the  installed  internal  radial  clearance  of  the  test 
hearing.  Axial  misalignment  of  the  outer  ring  was  maintained  at  zero  for  each  of  the  Group  AF 
bearing  tests.  The  measurements  recorded  are  shown  in  Table  I t. 

6.5.2  Evaluation  of  Bearing  No.  22 

'The  first  Group-AF  hearing  tested  was  I tearing  No.  22.  As  shown  in  Figure  2(1.  this  design 
included  extended  roller  cylindrical  flat  length  and  increased  guide  llange  layback.  As  indicated 
in  Table  4.  the  guide  flange  angle  was  measured  to  he  0°  50,4  . 'The  hearing  was  installed  in  the 
test  rig  and  completed  the  10-hour  parametric  program  with  stable  operation  noted  throughout. 
During  calibration  testing,  the  slipring  used  for  monitoring  inner  ring  temperatures  failed  while 
running  at  point  No.  10.  The  test  was  interrupted  in  order  to  remove  the  slipring  and  the  program 
was  then  continued  to  completion.  For  the  endurance  testing  portion  of  the  program  the  total  oil 
How  to  the  hearing  was  set  at  20  Ib/min.  Hearing  heat  generation  results  as  a function  of  speed, 
with  variations  in  radial  load  and  oil  flow,  nre  shown  in  Figure  40.  It  can  he  seen  that  a variation 
in  applied  radial  load  over  the  range  of  250  to  1000  tt>  has  only  a slight  effect  on  hearing  heat 
generation  whereas  hearing  oil  How  is  shown  to  have  a direct  and  significant  effect  on  hearing  heat 
generation  Post-test  inspection  revealed  all  of  the  hearing  components  to  he  in  good  condition  as 
can  he  seen  in  Figure  41,  with  no  significant  distress  or  unusual  wear  patterns  noted.  All  of  the 
rollers  were  found  to  be  free  of  eccentric  wear  and  inspection  measurements  indicated  an  average 
roller  weight  loss  of  only  0.0001  grams  and  an  average  static  skew  angle  increase  of  0‘'  d.Vlt . 
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TABLE  11.  HOLLER  WEAR  RESULTS  FROM  GROUPN  AND  P&WA  TESTS 


Variable 


- A uk.  Roller  Aon.  Roller 

Low  High  Rateline  Weight  Change  Skew  Angle  Change 


(irvup-N  Tett 


Pm-toad  0 2 Point  O K.  2 Point  O R.  __ 

Roller  Corner  Radius  1V0.  in.  0.0008  0.006  0.0008  »*  t* 

Holler  End  Squareness,  in.  x 10 ■ * 60  180  120  t*  ___ 

Inner  Race  Taper,  min.  0.8  3.68  0.8  t*  

Holler  Cylindrical  OlTeet,  in.  x 10  * 10  80  10  t*  

Raceway  Misalignment,  deg.  0 0,6  0 — 

Lubrication,  tb/min.  13  29  20  

PAW  A Tett 

Roller  L/D  Ratio,  in./in.  0.77  1.0  1.0  i t 

Cage  Unbalance,  gram-centimeter  1.0  S O 3.0  

Holler  Knd  Clearance,  in.  x 10'*  15  1 i*  »• 

Holler  Knd  Shape,  Ma*.  Protrueion,  in.  x 10'*  50  400  50  t t 

Flange  Height,  of  Holler  dia.  20  30  26  »•  »• 

Holler  Dia.  Variation,  in.  x 10  4 50  500  50  * t 

Holler  Flat  length,  % Holler  Length  0 50  40  ___ 

No  effect  on  output,  either  level  or  baseline  value  can  be  selected. 

» 'I'rend  with  output  is  positive,  select  a lower  level  for  minimum  roller  weight  change  and  static  skew  angle  change, 
t ’I'rend  with  output  is  negative,  select  a higher  level  for  minimum  roller  weight  change  and  static  skew  angle  change. 
* Indicates  a significant  roller  (tearing  variable. 


TABLE  12.  PRETEST  ROLLER  WEAR  RE- 
LATED MEASUREMENTS  FOR  THE 
GROUP  AF  BEARINGS 


Holler  Weight 
( drams) 


Vn flashed  Flashed 


13.3180 

13.2209 

13.3HKS 


.4i*u  Skvie  Anillt 
(Minutes) 


l hi  flashed 


TABLE  13.  PRETEST  RIG  RELATED  INSPECTION  MEASUREMENTS 
FOR  THE  GROUP  AF  BEARINGS 


Rearing  Numbert 


Inner  King  Fit  on  Shaft,  in, 

0.0013T 

0.0010T 

0.002  3T 

0.0023T  0.0024T 

Internal  Radial  Clearance  Installed,  in. 

0.0034 

0.0038 

0.00:17 

o.oo;i3 

0.0043 

Outer  Ring  Fit  in  Housing,  in. 

0.00081. 

0.00081, 

0.00101, 

0.00061,  0.00081, 

Outer  Ring  Misalignment,  deg 

0 

0 

0 

t) 

0 

22  Si 


6.5.3  Experimental  Evaluation  of  Batting  No.  21 
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Tlu*  second  Group-AF  bearing  tested  was  hearing  No.  21.  As  shown  in  Figure  26,  this  design 
provides  for  ft  low  level  of  both  roller  lint  length  and  guide  flange  layback.  Pretest  measurements, 
hs  presented  in  Table  4,  indicated  a roller  cylinder  length  of  0.2606  inch  and  a guide  linage 
layback  angle  of  0°  7.16'.  The  bearing  wa«  installed  in  the  rig  without  outer  ring  misalignment 
and  testing  proceeded  in  accordance  with  the  10-hour  parametric  program  outlined  in  Table  6. 
Stable  operation  of  the  bearing  was  noted  from  the  onset  of  the  testing.  While  running  at  2 .75 
MON,  point  No,  11,  a failure  occurred  without  warning  which  terminated  the  test.  The  total  test 
time  at  failure  was  only  1 .76  hours.  Removal  of  the  bearing  from  the  rig  revealed  that  the  inner 
ring  had  fractured  os  shown  in  Figure  42.  It  also  can  he  seen  in  Figure  42  that  the  outer  ring  and 
cage  were  both  intact  hut  damaged.  The  rollers  were  severely  edge  damaged  hut  free  of  eccentric 
end  wear.  Post-test  roller  weight  measurements  indicated  an  average  Iona  ot  0.2094  grams.  The 
static  skew  angle  increased  an  average  of  1°  0.84'  for  nil  rollers.  An  extensive  metallurgical 
analysis  was  conducted  at  the  site  of  the  inner  ring  break  ftird  the  results  indicated  a transverse 
fracture  which  had  progressed  in  a tensile  manner.  It  was  concluded  that  the  fracture  originated 
at  the  inner  diameter  of  the  ring  in  the  vicinity  of  an  intersection  of  a radial  oil  hole  and  an  axial 
oil  slot. 

6.5.4  Experimental  Evaluation  of  Bearing  No.  23 

Hearing  No.  28  was  tested  next.  As  can  he  seen  in  Figure  26,  this  design  is.  identical  to  No. 
22  and  features  both  extended  roller  flat  length  and  increased  guide  flange  layback  except  that 
the  guide  flange  surface  in  this  design  is  convex  for  the  purpose  of  improving  hydrodynamic 
lubrication  between  the  roller  end  and  the  guide  Range.  As  shown  in  'Fable  4,  the  guide  flange 
angle  was  measured  to  be  ft*  66. (V.  The  bearing  completed  the  10-hour  parametric  program  with 
stable  operation  noted  throughout.  During  the  endurance  portion  of  the  program  the  total  oii  flow 
to  the  test  hearing  was  maintained  at  20,0  tb/min.  Heat  generation  performance  data  was  similar 
to  that  obtained  earlier  for  bearing  No.  22.  Test  data  for  outer  to  inner  ring  temperature 
differential  and  horsepower  as  functions  of  speed  with  oil  flow  as  a parameter  are  shown  in 
Figure  48.  Rig  horsepower  data  for  bearing  No.  28  is  compared  to  rig  horsepower  data  obtained 
earlier  without  a test  bearing.  In  this  latter  case  the  rig  hearing  was  therefore  run  without  applied 
radial  loading  and  without  normal  lubrication.  It  can  also  he  seen  in  Figure  48  that  a decrease  in 
oil  flow  increases  the  temperature  differential  between  the  outer  and  inner  rings,  and  decreases 
the  rig  horsepower.  Post  -test  inspection  of  bearing  No.  28  revealed  all  of  the  bearing  components 
to  be  in  good  conditions  as  shown  in  Figure  No  significant  distress  or  unusual  wear  of  the 
components  was  noted  and  all  of’ the  rollers  were  found  to  be  free  of  ei  vent  fit  near.  Roller  weight 
measurements  indicated  an  average  weight  loss  of  0.0002  grains  while  it  was  determined  that  the 
skew  angle  increased  an  average  of  only  ft*  1.76  . 

6.5.5  Experimental  Evaluation  of  Bearing  No.  24 


Hearing  No.  24,  as  shown  in  Figure  26,  features  both  extended  roller  flat  length  and  a low 
level  of  flange  layback.  The  guide  flange  of  this  design,  like  hearing  No.  28,  has  a convex  surface 
and,  as  shown  in  Table  4,  its  layback  angle  is  ft*  0.01.  'The  bearing  was  installed  in  the  test  rig 
with  zero  outer  ring  misalignment  and  completed  the  10-hour  program  with  stable  operation 
noted  throughout.  During  the  endurance  portion  of  the  program  the  total  oil  flow  to  the  test 
bearing  was  again  maintained  at  20.0  tb/min  Performance  data  was  similar  to  that  obtained 
earlier  for  bearings  No.  22  and  28  and  post-test  inspection  revealed  all  of  the  components  to  be 
in  good  condition  as  shown  in  Figure  46.  No  significant  distress  or  unusual  wear  of  the 
components  wns  noted  and  all  of  the  rollers  were  found  to  he  free  of  eccentric  wear.  Roller  weight 
measurements  indicated  an  average  weight  loss  of  0.0002  grams  while  skew  angle  measurements 
indicated  an  average  increase  of  0*  2.09  . 
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/ Group-AF  Bearing  No.  21  Fractures  During  Testing  at 


if  No.  23  Shows  No  Distress  or  Unusual  Wear  After 


6.5.6  £»po rtmantel  Evaluation  of  Bearing  No.  25 

The  fifth  find  last  of  the  Group-AF*  bearings  tested  was  hearing  No.  25.  As  shown  in 
Figure  ‘26,  this  design  features  both  a low  level  of  roller  flat  length  and  increased  guide  flange 
layback.  The  guide.flange  surface,  as  in  bearings  No.  23  and  24,  is  also  convex.  As  shown  in  Table 
4,  the  guide  flange  layback  angle  was  measured  to  be  0°  52.3'.  The  bearing  was  installed  in  the 
test  rig  without  outer  ring  misalignment  and  completed  the  10-hour  parametric  program  with 
stable  operation  noted  throughout.  During  the  endurance  portion  of  the  program  the  total  oil  flow 
to  the  test  bearing  was  again  maintained  at  the  20  tb/min  level.  Performance  data  was  similar  to 
that  obtained  during  the  evaluation  of  bearing  No’s.  22,  23,  and  24.  Post -test  inspection  revealed 
all  of  the  components  to  be  in  good  condition  as  shown  in  Figure  46.  No  significant  distress  or 
unusual  wear  of  the  components  was  noted  and  all  of  the  rollers  were  found  to  be  free  of  eccent  ric 
end  wear.  Roller  weight  measurements  indicated  an  average  weight  loss  of  0.0001  grams  while 
skew  angle  measurements  showed  an  average  increase  of  0°  l.UV. 

6.6  Summary  of  Qroup-AF  Tatting 

Figures  47  and  48  provide  a summary  presentation  of  the  operational  data  for  the  Group-AF 
bearings  tested.  The  test  data  obtained  for  all  hearings  in  this  group  generate  similar  curves  as 
shown  in  these  figures,  testifying  to  their  consistent  thermal  performance.  The  data  obtained  for 
bearing  No.  21,  which  failed  abruptly  after  only  1.75  hour  of  running,  is  also  similar  to  that 
obtained  for  the  other  Group-AF  bearings  and  falls  within  the  range  of  these  curves.  A summary 
of  the  wear  results  obtained  is  shown  in  Table  14.  Average  values  of  roller  weight  loss  for  both  t he 
flashed  and  unflashed  rollers  are  presented.  Also  shown  as  a wear  parameter  is  the  average  skew 
angle  change  for  the  flashed  as  well  as  the  unflashed  rollers  of  each  bearing. 

6.7  Statistical  Evaluation  ot  the  Qroup-AF  Bearing  Wear  Results 

Statistical  techniques  were  used  to  determine  the  effect  on  roller  end  wear  on  the  following 
four  study  parameters  from  Group  AF: 

• Extended  roller  flat,  length 

• Inner  ring  guide  flange  layback 

• Inner  ring  guide  flange  contour 

• Inner  ring  guide  flar.ge  runout 

It  was  concluded  that  the  failure  of  bearing  No.  21  was  not  related  to  the  lad  that  it  featured 
controlled  levels  of  the  above  four  study  parameters.  Post -test  evaluation  of  this  hearing 
indicated  that  this  failure  was  most  likely  a result  of  local  overatressing  of  the  inner  ring  ID  area 
due  to  lack  of  a proper  blend  a!  the  intersection  of  a bore  slot  and  a radial  oil  hole.  Therefore,  the 
extreme  roller  wear  results  associated  with  this  test  were  not  included  in  the  analysis  of  the  wear 
data  for  Group-AF.  The  evaluation  of  the  above  four  parameters  was  then  limited  to  that  based 
on  the  wear  data  provided  by  the  four  remaining  test  hearings.  The  analytical  procedures  used 
were  essentially  the  same  regression  ami  correlation  analysis  techniques  used  previously  to 
process  the  Group-N  wear  data.  It  was  concluded  that  the  indicated  levels  of  changes  in  the  four 
independent  study  parameters  for  Group-AF  did  not  cause  a significant  change  in  the  average 
weight,  or  skew  angle.  Therefore,  the  baseline  leveis  for  the  four  Group-AF  parameters  can  he 
considered  acceptable  for  use  in  future  designs  and  have  a low  associated  risk  of  producing 
unacceptable  wear  rates. 
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RANGE  Cr  OUTER  RING  TO  INNER  RING 

TEMPERATURE  DIFFERENTIAL,  °F  RANGE  OF  RIG  HORSEPOWER 


TABLE  14.  ROLLER  WEIGH'!’  AND  SKEW  ANGLE  WEAR  DATA  FOR 
GROUP  AF  BEARINGS 


llenriiig 

.Vo 

Aerroge  Hnllrr  Weight  Lon,  (»mm* 

Average  Skew  Angle  tncreate 

Flatbed 

Unflarhtd 

All  Kollert 

F lathed 

Unflathed 

All  Holler t 

21 

0.2139 

0.2060 

0.2094 

1 deg  0.64  min. 

1 deg  1.04  min. 

1 deg  0.64  min. 

22 

0.0000 

0.0002 

0.0001 

0 deg  0.86  min. 

0 deg  0.72  min. 

0 deg  0.79  min. 

2;t 

0.0002 

0.0002 

0.0002 

0 deg  1.94  min 

0 deg  t.57  min. 

0 deg  t ,75  min. 

24 

0.0002 

0.0002 

0.0002 

0 deg  2.40  min. 

0 deg  1,76  min. 

0 deg  2.09  min. 

25 

0.0002 

0.0000 

0.0002 

0 deg  0.86  min. 

0 deg  1.32  min. 

0 deg  1.10  miit. 

6.8  Statistical  Analysis  of  Composlta  Group;  Groups  N and  AF  Wear  Results  Combined 
With  PAWA  Data 

The  test  results  from  the  experimental  test  programs  for  Group  N.  AF,  and  P&WA  hearings 
were  statistically  analyzed,  i.e.,  changes  in  both  roller  weight  and  skew  angle  at  accelerated  test 
conditions.  Figure  49  identifies  all  of  the  variables  investigated,  in  the  composite  group  while 
'Fable  15  presents  the  P&WA  Group  statistical  test  matrix  and  indicates  the  test  levels  for  the 
variables  evaluated  in  this  group. 

Two  bearings  were  omitted  from  the  analysis  of  this  composite  data  set . Bearing  No.  ti  from 
Group-N  was  omitted  because  of  the  excessive  wear  response  of  the  rollers  that  occurred  after  the 
hearing  tailed.  Hearing  No.  21  from  Group-AF  was  deleted  since  it  had  been  concluded  that  the 
inner  ring  failure  which  generated  excessive  hearing  wear  had  not  been  influenced  by  the 
variation  of  any  one  of  the  four  parameters  being  studied.  The  wear  results  from  the  remaining 
twenty  tests,  which  is  comprised  of  seven  of  Group-N,  four  of  Group-AF,  eight  of  Grnup-PWA, 
and  the  baseline  bearing  were  included  in  the  statistical  analysis. 


A ranking  of  the  importance  of  the  controlled  variables  as  to  their  relative  influence  on  both 
dependent  wear  parameters  was  defined  using  regression  and  correlation  annlyis.  The  results  of 
this  analysis  are  presented  in  Table  16  with  the  relative  effect  of  the  parameters  identified  in 
categories  ranging  from  “very  important"  to  “no  consequence."  For  the  dependent  variables  of 
both  weight  loss  and  skew  angle  increase  the  coupled  roller  end  radius  runout  is  the  only 
parameter  ranked  as  "very  important ."  The  effects  of  roller  end  clearance  and  1 ,/D  are  considered 
as  being  next  most  significant  in  that  they  had  an  “important"  effect  on  both  wear  parameters. 
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parametric  bearing  designs  tested 


TABLE  Ifi.  EFFECT  OK  INDEPENDENT  ROLLER  BEARING  VARIABLES  ON 
WEAR 


l.t  vi'l  iif  Signi/iunn? 

HolU-r  IVVig/it  Chung? 

Hotter-  Shriv  Angle  Cluutge 

Wry  lm|Kir(iui( 

• 

Holler  Kiwi  Kmliux  H/O 

• Holler  Knd  Itadius  H/O 

linoortant 

• 

Holler  1/1) 

• Holler  Knd  Clearance 

♦ 

Outer  Rinit  Misalignment . 0/11 

♦ Holler  1/1) 

• 

Inner  Have  Tairet 

• Holler  Diameter  Variation 

- • ■ - 

• 

IVelnad 

Moderate 

♦ 

Roller  Kiwi  Clearance 

Slight 

• 

Holler  Kiwi  Shop-,  Max.  profusion 

• Preload 

• 

1H  Guide  Flutter  H/O  to  Knee 

♦ Outer  Hing  Misalignment,  0/H 

• 

Holler  Rod  Snunreness 

♦ Holler  Rnd  Snunreness 

• Inner  Hare  Tn|»er 

No  Coiiwqui'iuw 

• 

Inner  Hint;  Guide  Flange  Contour 

• Holler  Flat  Centrnlitv 

♦ 

Holler  Flat  Centrnlitv 

• Lubrication 

+ 

Lubrication 

• Cage  l Inlmlance 

• 

Cane  Unlialanee 

• Holler  Knd  Shn|>e,  Max.  Protrusion 

♦ 

Flange  Height 

♦ Flange  Height 

♦ 

Holler  Diameter  Variation 

• Holler  Flat  Length 

♦ 

Holler  Flat  length 

• Inner  Hing  Guide  Flange  Layback 

• 

Inner  King  Guide  Flange  Layback 

• Inner  Hing  Guide  Flange  Contour 

• Inner  Hing  Guide  Flange  H/O  to  Fat 

7.  SIXTY  HOUR  DEMONSTRATION  TEST  — TASK  W 


A 3.0  MDN  prototype  roller  bearing  was  designed  and  will  be  evaluated  in  a demonstrator 
riK  t«'at  with  a goal  of  00  hour*  operation  over  a range  of  ON  value*  front  2.2  to  3.0M.  The 
information  developed  tinder  Tank*  I and  11  of  the  Contract  watt  used  in  the  design  of  this  bearing 
which  incorporate*  the  beet  level*  of  both  the  seven  Group-N  parameters  tested  under  Task  11  as 
well  as  the  seven  parameters  evaluated  under  the  separate  P&WA  program.  The  basis  for 
selecting  the  parameter  levels  lor  use  in  this  prototype  bearing  was  the  results  of  the  statistical 
analysis  as  summarized  in  Table  Hi,  In  addition,  the  prototype  bearing  design  incorporates 
certain  other  features  deemed  optimum  as  based  on  the  analytical  studies  made  under  Task  I of 
the  Contract.  These  features  include;  reduced  preload  to  prevent  or  minimize  the  probability  of 
inner  ring  fractures,  tighter  fit  of  the  inner  ring  on  the  shaft  to  prevent  or  minimize  the  extent  of 
inner  ring  creep,  and  decreased  roller  crown  radius  as  a consequence  of  selecting  a reduced  roller 
L/D  ratio. 

'The  levels  of  the  key  design  parameters  for  the  prototype  bearing  are  presented  in  'Table  17 
and  were  determined  ns  part  of  this  'Task  111  effort.  In  the  design  process,  the  bearing  variables 
that  bad  no  effect  or.  roller  end  wear  were  maintained  at  the  baseline  level.  For  those  variables 
that  showed  a positive  effect  on  roller  wear,  the  lower  level  was  selected  for  the  prototype  design 
and  for  those  variable*  that  indicated  a negative  effect  the  higher  level  was  selected.  An  exception 
to  the  above  procedure  was  made  for  the  selection  of  the  flange  height  level.  'The  wear  results  as 
shown  in  'Table  Hi  indicate  that  the  lower  level  of  flange  height  will  result  in  lower  roller  wear  and 
should  he  selected  for  the  prototype  design.  However,  the  results  as  influenced  by  this  variable 
are  confounded  with  those  of  roller  end  clearance  in  that  both  of  these  factors  were  varied 
simultaneously  in  the  P&WA  test  program,  Thus.  Mie  influence  of  one  cannot  be  separated  from 
the  other.  Previous  test  experience  at  P&WA,  however,  indicates  that  improved  roller  skew 
control  would  result  with,  the  2;V7  baseline  value  of  flange  height  ns  compared  to  that  associated 
with  the  lower  20\  level.  Therefore,  a 25*7  flange  height  was  selected  for  the  prototype  design. 
Since  the  lower  level  for  the  other  confounded  variable  of  this  group,  which  is  roller  end  clearance, 
was  the  same  as  the  baseline  value,  it  was  maintained  at  this  level  in  the  prototype  design. 


Fabrication  of  two  prototype  bearings  is  now  in  process.  It  is  intended  to  rig  test  one  bearing 
ftn  sixty  hours  over  a speed  range  of  2.2  to  3.0  MDN  and  the  second  bearing  will  be  retained  as 
a spare  for  future  use  should  the  first  fail  to  complete  the  program. 

TABLE  17.  LIMITS  OF  TUB  .1.0  MDN  PHOTOTYPE  HEAPING  DBS  I BN 
COMPARED  TO  HASEI.INK  BEARINGS 


Evahutted  by  7V.if 

/VnMf\;v  lU'ivinft 

JUisciin*'  liriirinf! 

1.  Preload  Oilier  Hint!  Out-ot-Rmmd 

2 Point 

d Point 

2.  Roller  (\>rin»r  Radio*  U 0 Inch 

O.tHIOS  Max 

n OOl  Max 

S.  Holler  Kml  Squareness  — Inch 

120  v It)  * Mu:.. 

120  s 10  * Max 

•1.  bluet  time  Taper  - Minute 

0 8 Mux. 

0.8  Mux. 

A.  Holler  Hint  (’entre.litv  Inel: 

Onto  Mux 

llillil  Max 

l>.  Outer  King  Misalignment  - Pearce 

0 

o 

7 i.ulin.  ation  Flow  — tti/Miu. 

do 

20 

H.  Holler  I.cnislt/Diii.  Wat  in 

0,77 

t (X) 

{).  Once  I’n balance  — Urn  ('in 

d o Max 

.1  0 Max 

10.  Holler  Kml  ('learmiee  — Inch 

0 IXXIS  - it  001. a 

0 iHXW  0 (XII  S 

II.  Holler  Kml  Sli!i|*\  Max.  Protrusion  - Inch 

0 -100  \ III  * 

Not  l Vtincd 

Id.  Flange  Height  * « of  Roller  Din. 

Ufl 

do 

Id  Roller  I'irt  Variation  Inch 

.Ml  X to  * Max 

Mi  x It'  * Max 

!-l  Roller  Flat  1 -end'll  *,  Roller  Length 

•10  IX) 

M tO 

/’mu  meters  HV/i/iiofeu  AnahtUally 
l Outer  Kim:  O.l V Out  ot- Round  Inch 

li.OOo  0.008 

il.0'20  ll  (1 

:v  Inner  Kuif!  llarc  — Inch 

4 8;):>l)  1.8017 

i ho.  to  . \ sjriii 

t Kitilci  ( haym  Radius  loch 

18 
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8. 


PLANNED  EXPERIMENTAL  PROGRAM 


8.1  Prototype  Bearing  Teat 

'Hm>  TO  MDN  prototype  bearing,  described  in  Sort  ion  7 and  Table  17,  will  be 
experimentally  evaluated  to  assess  its  durability  for  a period  of  up  to  f!0  hours,  Testing  will  lie 
conducted  over  a speed  ratine  of  2,2  to  TO  MDN.  with  a pool  being  to  obtain  at  least  '>0  hours  of 
operation  at  3.0  MDN,  It  is  planned  to  run  the  KO  hours  in  the  following  sequence: 

• Ten  hours  at  2.2  MDN 

• Ten  hours  at  2,f>  MDN 

• Ten  hours  at  2.75  MDN 

• Thirty  hours  at  TO  MDN 

It  is  also  planned  to  periodically  interrupt  the  test  to  visually  inspect  the  bearings.  Should 
n visual  inspection  provide  evidence  of  premature  distress,  the  bearing  components  will  be 
measured  which  will  include  determination  of  both  roller  weights  and  static  skew  angles.  Those 
measurements  would  he  compared  to  those  measurements  obtained  earlier  during  the  pretest 
inspection,  A wear  rate  vs.  time  map  would  then  be  established. 

8.2  Experimental  Evaluation  of  Bearing  No.  10 

As  shown  in  Figure  25.  roller  hearing  No.  10  is  similar  in  design  to  hearing  No.  8 with  both 
designs  containing  rollers  with  a high  love!  of  end  radius  runout . As  shown  in  Table  .'1,  this  runout 
averages  0.00115  inches.  Since  severe  cage  failures  were  obtained  with  all  four  of  those  bearings 
tested  that  had  high  levels  of  roller  and  radius  runout,  hearing  No.  10  will  he  refitted  with  a new 
set  of  rollers  which  have  a minimum  level  of  corner  radius  runout.  The  remaining  roller 
geometries  and  tolerances  will  he  maintained  at  those  levels  shown  for  hearing  No.  Hi  in  Figure 
25  wit  h the  exception  of  roller  lint  centrality  which  will  be  controlled  within  0.010  inch  instead  of 

0. 050  inch.  This  change  will  provide  additional  wear  data  necessary  to  separate  the  wear  effects 
of  roller  end  circular  runout  from  those  associated  with  roller  tint  centrality.  The  fabrication  of 
the  new  rollers  is  in  process  and  when  completed  hearing  No.  10  will  he  assembled  and  rig 
evaluated  following  the  established  10-hour  parametric  program 

8.3  Model  Check  Bearing  Teel 

Hearing  No.  26  of  Group-AF,  which  is  identical  in  design  to  hearing  No.  22  shown  in  Figure 
26,  will  he  tested  for  the  purpose  of  verifying  the  .‘1.0  MDN  analytical  model  developed  under  Task 

1.  The  hearing  will  be  experimentally  evaluated  and  the  data  obtained  will  be  analyzed  and 
compared  to  predictions  generated  by  the  .1.0  MDN  analytical  model.  If  any  sizeable  discrepancy 
is  found  between  the  test  data  and  the  prediction  then  the  analytical  model  will  he  accordingly 
modified  to  affect  agreement. 
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8.  PLANNED  EXPERIMENTAL  PROGRAM 


6.1  Prototype  Bearing  Teat 

The  3.0  MDN  prototype  bearing,  described  in  Section  7 and  'Table  17,  will  be 
experimentally  evaluated  to  assess  its  durability  for  a period  of  up  to  60  hours.  Testing  will  be 
conducted  over  a speed  range  of  2.2  to  3.0  MDN.  with  a goal  being  to  obtain  at  least  30  hours  of 
operation  at  3.0  MDN.  It  is  planned  to  run  the  60  hours  in  the  following  sequence: 

• Ten  hours  at  2.2  MDN 

• Ten  hours  at  2.5  MDN 

• Ten  hours  at  2.75  MDN 

• 1'hirtv  hours  at  3.0  MDN 

It  is  also  planned  to  periodically  interrupt  the  test  to  visually  inspect  the  bearings.  Should 
a visual  inspection  provide  evidence  of  premature  distress,  the  bearing  components  will  be 
measured  which  will  include  determination  of  both  roller  weights  and  static  skew  angles.  'These 
measurements  would  be  compared  to  those  measurements  obtained  earlier  during  the  pretest 
inspection.  A wear  rate  vs.  time  map  would  then  be  established. 

8.2  Experimental  Evaluation  of  Bearing  No.  10 

As  shown  in  Figure  25.  roller  bearing  No.  10  is  similar  in  design  to  bearing  No.  8 with  both 
designs  containing  rollers  with  a high  level  of  end  radius  runout.  As  shown  in  Table  3,  this  runout 
averages  0.0035  inches.  Since  severe  cage  failures  were  obtained  with  all  four  of  those  bearings 
tested  that  had  high  levels  of  roller  and  radius  runout,  bearing  No.  10  will  be  refitted  wit  h a new 
set  of  rollers  which  have  a minimum  level  of  corner  radius  runout.  The  remaining  roller 
geometries  and  tolerances  will  he  maintained  at  those  levels  shown  for  bearing  No.  10  in  Figure 
25  with  the  exception  of  roller  flat  centrality  which  will  be  controlled  within  0.010  inch  instead  of 

0. 050  inch.  This  change  will  provide  additional  wear  data  necessary  to  separate  the  wear  effects 
of  roller  end  circular  runout  from  those  associated  with  roller  flat  centrality.  The  fabrication  of 
the  new  rollers  is  in  process  and  when  completed  bearing  No.  10  will  be  assembled  and  rig 
evaluated  following  the  established  10-hour  parametric  program. 

8.3  Model  Check  Bearing  Test 

Bearing  No.  26  of  Group-AF,  which  is  identical  in  design  to  bearing  No.  22  shown  in  Figure 
26,  will  be  tested  for  the  purpose  of  verifying  the  3.0  MDN  analytical  model  developed  under  Task 

1.  The  bearing  will  be  experimentally  evaluated  and  the  data  obtained  will  be  analyzed  and 
compared  to  predictions  generated  by  the  3.0  MDN  analytical  model.  If  any  sizeable  discrepancy 
is  found  between  the  test  data  and  the  prediction  then  the  analytical  model  will  be  accordingly 
modified  to  affect  agreement. 
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